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JOHS WIIXIAII DRAPKE, M.D., LL.D. 



Dear Sir; — 

It aoema peculiarly appropriate that thia volume should bo dedicated to 
you. Knowing tiie eminent esteem in wMcIi you are lield in the circles of 
European acieuce, I cannot doubt that tho distinguislicd aulliora of the fol- 
lowing essays would cordially approve this connection of your name wili 
their introduction to the Ametiean public. 

There is, besides, a further reason for this in that large coinciilcace of 
purpose wMch is manifest in th^r labors aad your Own. Pot while the pet> 
vading design of the present collection ia to widen the range of thought by 
unfolding a broader philosophy of tho energies of nature, your own compre- 
hensive course of research — beginrang with an ealended Eeries of ejperi- 
roental investigations in chemical physics and physiology, and rising to the 
consideration of that splendid problem, the bearing of science upon the His- 
tory of the Inteliectual Development of Europe — has powerfuDy contributed 
to the same noble end ; that of elevating the aim and enlarging the scope of 
sdentiflo inipury. 

I gladly avail myself of this occasion to say how greatly I am indebted 
to your writings, in which accurate and profound instructioQ is so often and 
hapfoly blended with the charms of poedo eloquence. That yon may live 
long to enjoy your well-won honors, and to contribute still further to the 
triumphant adfance of Bcientlfie trutli, is the heartfelt wish of 
Youre truly, 

E. L. Y. 
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PEEPACE. 



In hi3 address before tlio Britisb Associiitlon for tlie Adrancft- 
mont of Scieoce last jear, tlie President remarked that the new 
views of tte Correlation, and Conservation of Forces oonatitute tie 
most important discovery of the present eentm-y. The remark is 
■probably just, prolific as baa been this period in grand scientific i-e- 
Bults. No one can glance tbroagb tbe current scientific publica- 
tions without perceiving that these views are attraeting the pro- 
foond attention of the most thoughtful minds. The lively con- 
troversy that has been carried, on for the last two or three years 
respecting the shai'e that different men of different countries have 
had in their eatahUshment, still further attests the estimate placed 
upon them in the scienfifle world. 

But little, however, has been published in this coimtry upon the 
subject ; no complete work, I believe, except the admirable volume 
of Prof. Tyndall on "Heat as a Mode of Motion," in which the 
new philosophy is adopted, and applied to the explanation of ther- 
mal phenomena in a very dear and forcible manner. I have, there- 
fore, thou^t it would be a nsefnl service to the public to reissue 
some of the ablest presentations of these views which have ap- 
peared in Europe, in a compact and convenient form. The selec- 
tion of those discussions has been determined by a desire to eom- 
biao clearness of exposition with authority of statement. In the 
first of these respects the essays will speak for themselves ; in re- 
gard, to the last I may remark that all tho authors quoted stand 
high as founders of tho new theory of forces. Although I am not 
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aware that Prof. Liebig Laa made any claims in this direction, jet 
it can scarcely be donbted that his original researches in Animal 
Chemistry tended strongly toward the promotion of the science of 
■vital dynamics. 

The work of Professor Grove, which is here reprinted in full, 
has a high Eniopean reputation, haTing passed to the fonrth edi- 
tion in England, and been translated into several continental lan- 
gnages. It is hardly to the credit of sdence in our country, that 
this is the first American edition. The eloquent and interesting 
paper of Helmholti!, thongh delivered aa a popular lecture, waa 
translated for the Philosophical Magazine, and has been very highly 
appreciated in scienlifio drclcs. The three articles of Mayer, 
which were also translated for the Philosophical Magazme, will 
have interest not only because of the great ability with which the 
subjects are treated, but as emanating from a naau who stands per- 
haps preeminent among the explorers in this new tract of inquiry. 
The researches of Faraday in this field have been conspicuous and 
important, and his argument is marked by the depth and clearness 
whicli characterize, iu an eminent degree, the writings of this ex- 
traordinary man. The essay of Liebig forms a chapter in tie last 
edition of hia invaluable 'Fanuliar Letters on Chemistry,' which 
has not been republished here; and, as it touches the relation of the 
subject to organic processes, it fonns a fit introduction to the final 
article of the series by Dr. Carpenter, on the " Correhition of the 
PtyHcal and Vital Porces." The eminent English physiologist has 
worked ont this branch of the subject independently, and the pa- 
per quoted gives evidence of beiag prepared with his nsnal eare 
and abihty, A certain amount of repetition is of course unavoida- 
ble in such a collection, yet the reader will find much less of this 
than he might be inclined to look for, as each writer, in elaborating 
the subject, has stamped it with his own ori^oality. 

In the introduction I have attempted to bring forward certain 
facts in the history of these discoveries, iu which we as Ameri- 
cans have a special interest, and also to indicate several appheations 
of the new principles which are not treated in the volume. It 
seemed best to confine the general discussion to those aspects of the 
subject upon which most thought had been expended, and which 
may be regarded oa settled among advanced scientific men. But 
there are other applicationa of the doctrine, of the highest interest, 
which tliough incomplete are yet certain, and these will bo found 
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■jriefly iiotioei in. the introductory observations — too briefly, I fear, 
to be satjsfactory. Those, however, who desire to pursue still 
further this branch of tlie inquiry— the correlation o£ the vital, 
mental, and social forces — are referred to the last edition of Car- 
penter's " Principles of Human Physiology ; " Slorell's "OutUnea 
of Mental Philosophy ; " Laycook's " Correlations of Consciousness 
and Organization;" Sir J, K!. Shnttieworth's address before the 
Social Science Congress of 1860, on the " Correlation of the Moral 
and PhyMcal Forces;" Ilinton's "Life in Nature," and 'Tirst 
Prinwples " of Herbert Spencer's new system of Philosophy, The 
first and last of these works are the only ones, it is believed, that 
have appeared in an American form, and the last U mnch the 
ablest of all ; I was chiefly indebted to it in preparing the latter 
part of the introduction. The hiograpiioal notices, brief and im- 
perfect as they are, it is hoped may enhance the roadnr's interest 
in the volnme. 

I have been specially incited to procure the pubhcalion of a 
work of this kind, by the same motive that has impelled me to 
write upon the subject elsewhere; a conviction of our educational 
needs in this direction. The treatment of a vast subject like this 
in ordinary school test-books, ia at best quite too limited for the 
requirements of the active-minded teacher ; to snci, a volume like 
the present may prove invalnable. 

But a more serious difficulty is that, nntil compelled by the de- 
mands of intelligent teachers, tho compUors of school-books will 
pass new views entirely by, or ^ve them a mere hasty and careless 
notice, while continuing to inculcato the old erroneous doctiiues. 
And thus it is that from inveterate habit, or inteileetual sluggish- 
ness, or a shrewd calculation of the indifference of teachers, out- 
worn and effete ideas continue to drag through school-books for 
half a century aiter they have been exploded in the world of liv- 
ing science. He who continues to teach the hypothesis of calorie, 
felsittcs the present truth of science as absolutely as ho would do 
in teaching the hypothesis of phlogiston; in fact, the reasons of- 
fered for perwsling in the erroneous notions of the materiality of 
heat — convenience of teaching, unsettlcdness of the new vocabu- 
lary, &o., are precisely those that were offered for clinpng to phlo- 
giston, and rejecting the Lavoiscrian chemistry of combustion. 
ISoth conceptions have no doubt been of service, but both were 
transitional, and having done their work they become hindrances 
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instead of helps. We can now see tliat when the true chemistrj 
of eombnstion waa once reached, the notion of phlo^ston was of 
no farther use, and if retted could only produce confusion and 
prevent the reception of correct ideas. So with caloric, and those 
false conceptions of the materiality of forces, which it implies : not 
only are they errors, hut the ideas they involve are radically in- 
compatible with the higher truths to which science has advanced 
so that while the errors are retained the tmths cannot be received. 

Nor will it-imswer merely to mention the' new views while 
adopting the old, on the plea that the facts are the same ia bolh 
cases. The facta are very far from beiag the same in both cases. It 
is precisely because the old ideas are ont of harmony with the facts, 
and can no longer correctiy esplaia and express them, that new ideaa 
are sought. "Was not phlo^aton abandoned because it no longer 
agreed with the fiictsf So witli the conception of the materiality 
of the forces ; it contradicts the facts, and therefore, for scientific 
purposes, can no longer represent them. In the workshop it may 
perhaps be very well to magnify f^cta, and depreciate their theoreti- 
cal explanations, bnt not in the school-room ; the business is here not 
workmg, bnt thinking. It ia the aim of art to me facts, bnt of sci- 
ence to understand them. And it is simply hecanse science goes 
beyond the taoi to its explanation, and is ever striving after the 
highest troth, that it is fitted to discipline the thinking and reason- 
ing fecnlties, and therefore has imperative educational cldms. 

In therefore brin^g forward these able and authoritative ex- 
positions in a form readily accessible to teachers, I trust I am not 
only doing them a helpful service, bnt that they will be led to re- 
quire of the preparers of school-books a more conscientions per- 
formance of their tasks, and that the interests of sound education 
will he thereby promoted.. 
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INTRODUCTION. 



Thebb are many who deplore what thej regard aa the materiol- 
izing tendencies of modem science. They maintaia that thb pro- 
found and inereaaing engrossment of tlie mind with, material ob- 
jects is fatal to all refining and spiritualizing influence. The cor- 
rectness of this conclusion is open to serious question ; indeed, tba 
history of scientific thought not only faOs to justify it, hat proves 
the reverse to be true. It shows that the tendency of tliis tmd of 
ittiirary is ever/rom. the material, towirl the abstract, the ideal the 
spiritual. 

We may appeal to tbo oldest and most developed of thi. sciences 
for confirmation of this statement. The eariiest cxplunitions of 
the celestial mOTements were thoroughly and grossly material, and 
all astronomic progress has been ttward moie refined and idcil 
views. The heavenly bodies were at first thonght to be supported 
and cai-riod round in their courses by solid revolving (.rystallino 
spheres to which they were attached This notion was atterward 
replaced by the more complex and mobile mechanism of epioy 
cles. To this succeeded the hypothesis of Des Cartes', who r^ected 
the clnmay mechanical explanation of revolving wheelworfc, and 
proposed the more subtile conception of ethereal currents, which 
constantly whirled around in vortices, and boro along the heavenly 
bodies. At length the labors of astronomers, terminating with 
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Newton, struck away these crude devices, and substituted the action 
of a imiyersaJ immaterial force. The course of astronomic science 
has thua heen ou a xast scale to wifidraw attention from tie mate- 
rial and sensihlo, and to fix it upon the invisible and supersenanons. 
It ias shown that a pure principle forms the immaterial foundation 
of the universe. From the baldest materiality we rise at last to a 
truth of the spiritual world, of bo exalted an order that it lias been 
said ' to connect the mind of man witt the Spiiit of God.' 

The tendency thna iUnstrated fay astronomy is cJiaracteristio in 
a marked degree of all modem science. Scientific inquiries are 
becoming less and less qneslions of mattei", and more and more 
questions of force ; material ideas are gi-^iK place to dynamical 
ideas. "While the great agencies of change with wiich it is the 
buaness of science to deal— heat, light, electricity, magnetism, and 
afSnity, have been formerly regarded as kinds of matter 'impon- 
derable elements,' in distinction from other material elements, 
these notions must now bo regarded as outgrown and abandoned, 
and in their place we liivo an order of purely immaterial forces. 

Toward the close of the list century the human mmd reached 
tha great pnnciite of the indeitruotiblitv of mitttr "Wlat the 
mteHectual activity ot ages had tuled to eatatli-h by all the re- 
sources of reasomng and philosophy, was accomphshwl by the in- 
vention of a mechaniLal implement, the balance of Lavoisier. 
"Wben nature ivas tcted m the chemists scale pan, it was first 
lound that never an atom is created or destroyed , that though 
matter changes formmth protean iacdity, traversing a thousand 
cycles ot chiuge, Tanishmg and rean^'wing inee«iantly, yet it 
never weirs out or Kpses into nothm„' 

The present age will be memorable in the history of science for 
liaving demonstrated that the same great priuciple applies also to 
forces, and for the establishment of a new pbiiosophy concerning 
thwr nature and relations. Heat, light, electricity, and magnetism 
are now no longer regarded as substantive and independent exist- 
ences—subtile fluids with peculiar properties, but simply as mode* 
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of motion m ordinary matter ; forms of energy wHoh are capable 
of ffiutaal eoiiTersion. Heat ia a mode of energy manifested by 
oertjiiii effects. It may be transformed into electricity, ■whicli ia 
another form of force producing different effects. Or tbo process 
may be reversed ; the electricity disappearing and the heat reap- 
pearing, AgiUD, mechanical motion, which is a motion of masses, 
may be transformed into heat or elocti'icity, which ia held to be a 
motion of the atoms of matter, while, by a reverse process, the mo- 
tion of atoms, that is, heat or electricity, may be turned back again 
into mechanical motion. Thus a portion of the heat generated in 
a locomotive is converted into the motion of the train, while by 
the application of the brakes the motion of the train is changed 
back again into the heat of friction. 

These mntationa are rigidly subject to the laws of qnantity. A 
pven amount of one force produces a definite qnantity of another . 
BO that power or energy, like matter, can neither bo created nor 
destroyed: though ever chan^ngform, its total quantity in the uni- 
verse remans constant and unalierablo. Every manifestation of 
force mnst have come irom a preSsisting equivalent force, and must 
^ve rise to a subsequent and equal amount of some other force. 
"When, therefore, a force or effect appears, we arc not at liberty to 
assume that it was self-originated, or came irom nothing; when it 
disappears we are forbidden to conclude that it is annihilated : we 
must search and find whence it came and whither it has gone ; that 
is, what produced it and what effect it has itself produced. These 
relations among the modes of energy are currenfly known by the 
phrases Correlation and Oomeriiation of Force. 

The present condition of the philosophy of forces is perfectly 
paralleled by that of the philosophy of matter toward the dose of 
the last century. So long as it was admitted that matter in ita 
various changes may be created or destroyed, chemical progress 
waa impossible. If, in his processes, a portion of the material dis- 
appeared, the chemist had a ready explanation — the matter was 
destroyed; his analysis was therefore worthless. But when he 
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Btarted with tlie axiom that matter ia indestructiblei all disappear 
ance of material during liis operations was chargeable fo tlieir im- 
perfection. He was tlierefore compelled to improve them — to ac- 
count in liis result for every thousandth of a grain with which he 
commenced ; and as a consequence of this inexorable condition, 
analytical chemistry advanced to a high perfection, and its conse- 
qnencea to the world are incalculable. Precisely so with the anal- 
ysis of forces. So long as they arc considered capable of being 
created and destroyed, the quest for them will bo careless and the 
results valueless. But the moment they are determined to be m- 
destructible, the investigator becomes bound to account for them; 
all problems of power are at once affected, and the science of dy- 
namics enters upon a new era. 

The views hero briefly stated will be found fully and variously 
elucidated in the essays of the present volume ; in these introduc- 
tory remarks I propose to offer some observations on their history 
and the extended scope of their appKcation. 

I have spoken of the principles of Correlation and Conservation 
of Forces as established; it may be well to state the sense in which 
this is to be taken. They have been accepted by the leading scien- 
tiiie minds of all nations with remarkable nnanimity; their discus- 
sion forma a leading element in scientific literature, while they oc- 
cupy the thoughts and guide the investigations of the most philo- 
sophical inquirers. But while science holds securely her new pos- 
session as a fimdamental principle, its vaiious phases are by no 
means completely worked out. ITot only has there been too httle 
time for this, even if tho views were far less important, but tho 
questions started lie at the foundation of all branches of science, 
and can only be fully elucidated as these advance in their develop- 
ment. The new doctrine of forces is now in much the same con- 
dition as was the new astj'onomy of Copernicus. It ia not vritli- 
out its difficulties, which time alone must be trusted to remove; 
but it simplifies so many problems, clears up so many obsciiritiea 
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opens so extended a r^ge of new mTeatigations, and contraata so 
strongly with the complesitiea and inoongruitiea of the older doo 
trines, as to leave little lihertj of choice lietween the opposing theo- 
ries. Not only does the reception of these views mark a signal epoch in 
the progress of science, but fi^m their comprehensire bearings and 
the luminona ghtnpsea which they open into the most elevated re- 
gions of specalative inqniTy, they have a profound interest for 
many thinkers who give little attention to the specialties of exact 
science. 

In the history of human afGiirs there is a growing conception 
of the action of general canaea in the production of events, and a 
correaponding conviction that the part played by individuals has 
been mucii exaggerated, and is far less controlling and permanent 
than has been hitherto supposed. So also in the history of science 
it is now acknowledged that the progress of discovery is ranch 
more independent of the labors of particular persona than has been 
formerly admitted. Great discoveries belong not so much to indi- 
viduals as to hamanity; tiey are less inspirations of genius tiian 
birtha of eras. As there has been a definite intellectual progress, 
thought has necessarily been limited to the subjects successively 
reached. Many minds have been thus occupied at the same time 
with similar ideas, and hence the simultaneous discoveries of inde- 
pendent inquirers, of which the history of science is so full. Thus 
at the close of the sixteenth century, philosophers had entered 
upon the investigation of the laws of motion, and accordingly wo 
find Galileo, Benediti, and Piccolomini proving independently that 
all bodies fall to the earth with equal velocity, whatever their size 
or weight. A century after, when sdence had advanced to tho 
syatematio apphcation of the higher mathematics to general phys- 
ics, Kewton and Leibnifa discovered independently the differential 
calculus. A hundred years later questions of molecular physics 
and chemistry were reached, and oxygen was discovered simulta- 
neously by Priestley and Scbeele, and the composition of water by 
Cavendish and TVatt, These discoveries were made because the 
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periods were ripe for them, and wo cannot doubt that if those who 
made them had never Kved, the labors of others would haye speed 
ily attdned the Eama results. The discoverer is, therefore, in a 
great degree, hut the mouthpiece of Ma time. Some discern clearly 
what 13 dimly shadowed forth to many; some work out the results 
more completely than others, and some seize the coming thonght 
so long before it is developed in the general consciousness, that 
their announcements are unappreciated and unheeded. This view 
by no means robs the discoverer of his honors, but it enables us to 
place npon them a juster estimate, and to pass a more enlightened 
judgment upon the rival claims which are constantly ariwng in the 
history of scieuce. 

Probably the most important event in the general progress of 
science was the transition Irom the speculative to the experimental 
period. The ancients were prevented from creating science by a 
false intellectual procedure. They beheved they could solve all the 
problems of the universe by thought alone. The modems have 
found that for this purpose m.editation is futile unless accompanied 
by observation and eaperiment. Modem science, therefore, took its 
rise iu a change of method, and the adoption of the principle that 
the, discovery of physical truth consists not in its mere lo^cal but 
in its experimental establishment. It is now an asiom that not he 
who guesses, though he guess aright, is to be ai^udged the true dis- 
coverer, but he who Aemombrates the new truth, and thus compels 
its acceptance into the body of valid knowledge. 

ITow the later doctrines of the constancy and relations of forces, 
and that heat is a kind of motiou among the minuter pai-ts of mat- 
ter, have had their twofold phases of history, corresponding to the 
two methods of inquiry. Tbcy had an early and vague recognition 
among many philosophers, and may be traced in the writings of 
Galileo, Bacon, Newton, Loeke, Leibnitz, Des Cartes, Bernoulli, 
Laplace, and others ; but they were held by these thinkers as im- 
verified and fruitless speculations, and the subject awaited the gen- 
ius that eould deal with it according t-) the more effective methods 
of modern science. 
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It was tMs eoimtry, widely reproached for being over-practical, 
which produced just tbat kind of working ability that was snitetl 
to translate this profound question from the harrea to the fruitfiil 
field of inquiry. It is a matter of just national pride that the two 
men who first demonstrated the capital propositions of pure sci 
ence, that lightning is hut a case of common, electricity, and that 
heat is bet a mode of motioo — who first converted these proposi- 
tions from conjectnres of fancy to fiiofc? of science, were not only 
Americans hy birth and educalion, but men eminently representa- 
tive of the pocnliaritioa of American chai'aotcr — Benjamin !Frant- 
Kn and Beiy amin Thompson, afterwards known as Oonnt Enmford. 
The latter philosopher is less known than the former, though his 
ce and society were probably quite as great. The 
6 which his name now occupies iit connectioii with the 
new views of heat, and the relations of forces, make it desirable to 
glance briefly at his career. 

Bewjamih" TnoMPSoiT was b t "VV I M 1YB3. Ho 

received the rudiments of a hilt became a 

merchant's apprentice at tw 1 d b q ly t ght school. 

Having a strong taste for me han al ■md h m 1 tu lies, he cnl- 
tivafed them assiduously dur g h 1 At venteen he 

took charge of an academy tl 11 f r mf d (aow Con- 
cord), H". H,, and in 1TT3 married a wealthy widow, hj whom ho 
had one daughter. At the outbreak of revolutionary hostilities he 
appUed for a commission in the American service, was charged 
with toryism, left the country in disgust, and wefit to England. 
His talents were there appreciated, and he took a respondble por- 
tion under the government, which he hold for some years. 

After receiving the honor of knighthood he left England and 
entered the service of the elector of Bavaria. He settled in Mu- 
nich in 1784, and was appointed aide-de-camp and chamberlain to 
the Prince. The lahora which he now nndertook were of the moat 
eitensive and laborious character, and could never have been ac- 
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complished but for the rigorous habits of order whioh Le carried 
into all his pursuits. He reorganized the entire military establish- 
ment of Bavaria, introduced not only a simpler code of tactics, and 
a new system of order, discipline, and economy among the troops 
and indnstrial echooJa for tho soldiers' children, but greatly im- 
proved the constrnction and modes of manufacture of arms and 
ordnance. He suppressed the system of beggary ivhich had grown 
into a recognized profession in BaTaria, and become an cnormona 
public evil — one of the most remai'kable^sooial reforms on record. 
He also deToted himself to various amehorations, such as improv- 
ing the construction and arrangement of the dwellings of the work- 
ing classes, providing for them a better ednoation, oi^anizing houses 
of industry, introducing superior breeds of horses and cattle, and 
promoting landscape-gardening, which he did by converting an old 
abandoned hunting-ground near Munich into a part, where, after 
his departure, the inhabitants erected a raonnment to his honor, 
For these services Sir Beiyamin Thompson received many distinc- 
tions, and among others was made Count of the holy Roman Empire. 
On receiving this dignity he chose a title in remembrance of the 
conntry of Lis nativity, and was thenceforth known as Count of 
Enmford. 

His health failing from excessive labor and what he considered 
the unfavorable climate, he came back to England in 1798, and had 
serious thoughts of returning to tho United States. Having re- 
ceived from the American government the comphment of a formal 
invitation to revisit hia native land, he wrote to an old friend re- 
qnesting him'tolook out for a "little quiet retreaf'for himself 
and daughter in the vicinity of Boston. This intention, lovcever, 
failed, as he shortly after became involved in tho enterprise of 
founding the Eoyal Institution of England. 

There was in Eumford's character a happy combination of phi- 
lanthropie impulses, esecutive power in candying out great projects, 
and versatility of talent in physical research. His scientific inves- 
tigations were largely goided and determined by his philanthropic 
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plaDS and public duties, ffia interest in the more needy classes led 
Lim to the assiduous study of tlie pliysical wants of mankind, and 
tie best metlioda of relieving tlieni ; the laws and domestic man- 
agement of heat accordiEgly engaged a large share of his attention. 
Ho determined the amottut of heat arising from the comhustion of 
different kinds of fuel, by means of a calorimeter of his own in- 
vention. He reconstructed the fireplace, and bo improved the 
methods of heating apartments and cooking food as to produce a 
saving in the "preoions element, varying from one-half to seven- 
eighths of the faol previously consumed. He improved the con- 
stmetion of stoves, cooking ranges, coal grates, and chimneys; 
showed that the non-conducting power of doth is due to the air 
enclosed among its fibres, and first pointed out that mode of action 
of heat called convection.; indeed he was the first clearly to dis- 
criminate between the three modes of propagation of heat — radia- 
tion, conduction, and convection. He determined the almost per- 
fect non-conducting properties of liquids, investigated the produo- 
■ tJon of Ught, and invented a mode of measuring it. He was the 
flrrt to apply steam generally to the warming of fluids and the 
oolinaryart; he experimented upon the use of gtinpowder, the 
strength of materials, and the maximum density of water, and 
made many valuable and original observations upon an estensivo 
range of subjects. 

Prof. James D. Forbes, in his able Dissertation on the recent 
Progress of the Mathematical and Physical Sciences, in the last 
edition of the Encyclopedia Britannioa, gives a full account of Eum- 
ford's contributions to science, and remarks : 

" All Enmford's experiments were made with admirable precis- 
ion, and recorded with elaborate fidelity, and in the plainest lan- 
guage. Every thing with him was reduced tii weight and meas- 
ure, and no pains were spared tfl attain the best results. 

"Enmford's name will be ever connected with the progress of 
science in England by two circumstances : first, by the foundation 
of a perpetual medal and prize in the gift of the council of the 
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Eoyal Society of London, for the reward of discoveries coimected 
with heat and light; and aecondly, hy the estahlishment in 1800 of 
the Eoyal Institution in. London, destined, primarily, for the pro- 
motion of ori^al discovery, and, secondarily, for the diffusion of a 
taato for science among the educated classes. The plan was con- 
ceived with the sagacity which characterized Eumford, and its buc- 
seaa has been greater than could have been anticipated. Dary was 
there brought into notice by Enmford himself, and furnished with 
the means of prosecuting his admirable espcriments. He and Mr, 
Faraday have given to that institution its just celebrity with little 
intermission for half a century," 

Leaving England, Eumford took np hia residence in Trance, and 
the estimation in which he was held may he judged of by the fact 
that he was elected one of the eight foreign associates of the Acad- 
emy of Sciences. 

Count Eumfonl bequeathed to Harvard University the funds 
for endowing.its professorship of the Application of Scien?* to the 
Art of living, and institated a prize to be awarded by the Ameri- 
can Academy of Sciences, for the most important discoveries and 
improvements relating to heat and light. In 1804 he married tlie 
■widow of the celebrated chemist Lavoisier, and with her retired 
to the villa of Autenil, the residence of her former husband, where 
he died in 1814. 

Having thus glanced briefly at his career, I now pass to tho dis- 
covery upon which Count Eumford's fame in the fnture will chiefly 
rest. It is described in a paper published ia the transactions of the 
Eoyai Society for 1TD8. 

He waa led to it while superintending the operations of the 
Munich, arsenal, by obsomng the large amount of heat generated 
in boring brass cannon. Eeflecting upon this, he proposed to him- 
Belf the following questions : "Whence comes the heat prodneed 
hi the meclianical operations above mentioned?" "Is it furnished 
Iiy the metallic chips which arc separated from the metal ! " 
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The common tjpotliesis afflrmcd tliat tho host produced had 
been latent in the metal, and had been forced oat by condensation 
of the chips. But if this were the case the capacity for heat of tho 
parts of metal so reduced to chips ought not only to be changed, 
but the change imdergone hy them should be sufficiently gi-eat to 
account for all the heat produced, "With a fine saw Eumford then 
cut away shoes of the nnheatcd metal, and foimd that they had kb- 
actlj/ the same eapaciPyfor heat as the melalUo chips. Wo chango 
in this respect had oocmred, and it was thas concluMYCly proved 
tliat the heat generated could not have been held latent in the 
chips. Having settled this preliminary point, Knmford proceeds to 
his principal experiments. 

"With the intuition of tho true iavestigator, he remarka that 
" very interesting phUosophioal experiments may often be made, 
almost without tronMo or expense, hj means of machinery con- 
trived for mere mechanical purposes of the arts and manufactures." 
Accordingly, ho moimted a metaUic ejlinder wdghing 113.18 
pounds avoirdupois, in a horizontal podtion. At ona end there was 
a eavitj three and a half inches in diameter, and into this was in- 
trodnccd a horer, a flat piece of hardened steel, four inches long, 
0.G8 inches thick, and nearly as wide as the cavity, the area of con- 
tact of tho borer with the cylinder being two and a half inches. 
To measure the heat developed, a small round hole wai bored in 
the cylinder near the bottom of tho cavity, for the insertion of a 
email mercurial thermometer. The borer was pressed against the 
base of tho cavity with a force of 10,000 pounds, and the cylinder 
made to revolve by horse-power at the rate of thirty-two times per 
minute. At the be^nning of the experiment the temperature of 
the air in the shado and also in the cyUnder was 60°F. at the end 
of thirty minutes, aa3 after the cylinder had made 960 revolutiona 
the lempei-atvtre was found to he ISOT. 

Having taken away the borer, ho found that 839 grains of me- 
taUio dust had been cut away. " Is it posa.Me," he exclaims, " that 
the very iionsidei-ahle ciuantity of heat produced in this osperimeni 
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—ft qnantity which actually raised tie tBiDperature of upwaiii uf 
113 poTLQda of gun metal at least 'TO', coiild have been famiated hj 
BO jneonsiderablo a quantity of metalKc dust, and tliis merely in 
« of a cTiange in tte capacity for leat f " 
) measure more precisely the heat prodaced, he next sur- 
1 Lis cylinder by an oblong wooden box in such a manner 
that it could turn water-tight in the centre of the bos, while the 
borer was pressed against the bottom. The bos was flUed with 
water until the endre cylinder was covered, and the apparatna was 
Eet in action. The temperature of the water on commencing was 
GO". He remarks, "The result of this beautiful experiment was 
very striking, and the pleasnre it afforded amply repaid mo for all 
the trouble I had taken in, contriying and arranging the complicated 
machinery nsed in making it. The cylinder had been in. motion 
but a short time when I perceived, by putting my hand into the 
water and touching the outside of the cylinder, that heat was gen- 
erated." 

As tie work continued the temperature gradually rose ; at two 
hours and twenty minutes from the beginning of the operation, the 
water was at 900°, and in ten minutes more it aotnaMy boiled ! 
Upoa this result Enmford ohserres, " It would he difficult to de- 
Bcribe the surprise and astonishment expressed in the countenances 
of the bystaadera, on seeing so large a quantity of wat^r heated 
and actually made to boil without any fire. Though there was 
. nothing that could bo considered very surprising in this matter, 
yet I acknowledge fwrly that it afforded me a degree of childish 
pleasnre which, were I ambitions of the reputation of a grave phi- 
losopher, I ought most certainly rather to hide than to discover." 

Enmford estimated the total heat generated as sufficient to raise 
SG.53 pounds of ice-cold water 180°, or to its boiling point ; and ho 
adds, "from the results of these computations, it appears that the 
quantity of heat produced equally or in a continnons stream, if I 
may use the expression, by the friction of the blunt steel borer 
against the bottom of the hollow metallic cylinder, waa greater 
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than that produced in tie combnatioa of nine tt^ox candles, each 
three-quarters of an inch in diameter, all buming together with 
dear bright flames." 

" One horse would have been eqaal to the work performedl, 
though two wei'e actually employed. Heat reay thus be produced 
merely by the strength of a horse, and in a case of Eecessity this 
might be used in oooHng yietnals. But no oiroumstancea cotdd be 
iraapned in which this method of producing heat could be advan- 
tageous, for more heat might be obtained by using the fodder ne- 
cessary for the support of tbe horse, as fuel. 

"By meditating on the results of all those experiments, we are 
naturally brought to that great question which has so often been 
the subject of speculation among philosophers, najuely. What is 
heatt Is there such a thing as an igucouis fluid? Is there any 
thing that with propriety can be caEed calorie f 

" We have seen that a very considerable quantity of heat may 
bo escited by the friction of two metallic surfaces, and given off in 
n constant stream or flux in all directions, without interruption or 
intermission, and without any signs of diminution or exhaitsfioti. 
In reasoning on this subject we must not forget tJiat most remark: 
able circumstance, that the source of the heat generated by friction, 
in these experiments appeared evidently to be inexhaustible. (The 
italics are Eumford'a.) It is hardly necessary to add, that any 
thing which any insulated body or system of bodies can continue 
to furnish withotit Umitation, cannot possibly be a material svi- 
atance; and it appears to me to be extremely difficult, if not quite 
impossible, to form any distinct Idea pf any thmg capable of being 
excited and communicated in those experiments, except it be mo- 
tion." 

ITo one caa read the remarkably able and lucid paper from 
which these extracts are taken, without being struck with the per- 
fect distinctness with which the problem to be solved was pre- 
sented, and the systematic and conclusive method of its treatment. 
Eninford kept strictly within the hmits of legitimate inquiry, which 



;d by Google 



JKIV DJTEODCCTION. 

no man can defina better than he did. "I am very far from pre- 
tending to know Low, or bj what means or mechanical contri- 
vances, that particnlar kind of motion in bodies, which has been 
supposed to constitute heat, is exerted, continued, and propagated, 
and I shall not presume to trouble the Society with new conjec- 
tures. But although the mechanism of heat should in part be ona 
oue of those mysteries of nature, which are beyond the reacli cf 
human inteUigence, this ought by no moans to discowage us, or 
even lessen our ardor ia our attempts to investigate the laws of its 
operations. How far can we advance in any of the paths which 
Boience has opened to na, before we find ourselves enveloped in 
those thick mista, which on every ride bound the horizon of the 
human intellect." 

Eumford's experiments completely annihilated the material hy- 
pothesis of heat, while the modern doctrine was stated in explicit 
terms. He moreover advanced the question to its quantitative and 
highest stage, proposing to find the numerical relation between 
mechanical power and heat, and obtained a result remarkably near 
to that finally established. The English imit of force is the foot- 
pound, that is, one pound falling through one foot of space ; the 
unit of heat is one pound of water heated 1° F, Just fifty years 
subsequently to the experiment of Eumford, Dr. J. P. Joule,* of 
Manchester, England, after a most deUcate and elaborate series of 
eaperiments, determined that 772 units of force produce one nnit 
of heat; that is, 773 pounds filing through, one foot produces suf- 
ficient heat to raise one pound of water 1° F. This law is known 
as the mechanical equivalent of heat. Now, when we throw Eum- 
ford's results into these terms, we find that about 940 units of force 
produced a nnit of heat, and that, therefore, on a large scale, and 
at the very first trial, he came within twenty per cent, of the true 

* jAHia Fbescott 30-aiJt, ion 'Dmemher Hth, ISIS, at Salfoid, ncnr ManclicBter, 
Kngland. wlierB lia pnrsncd (he occupation of a Ijrewcr. long ana Qespl}' doToled 
to scientifli! iDTaatigation, he became a member of lie MancIiestPr Ptilosophlcal So- 
clelj in 1843, and of Ite Royal Society of Loniloi) in ISSO. 
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etatement. Uo account was takea of tlie heat lost by radiation, 
wliich, considering the higlj temperature produced, and the dnra- 
tion of the experiment, innst have been considerable; so that ea 
Enmford himself noticed, this value must be too high. The ear- 
liest nnmerieal resnlts in science are rarely more than rough ap- 
proidmations, yot they maj gnidc to the establishment of great 
principles. Ceri:Binly no one conld question Dalton's dmn to the 
discovery of the law of definite proportions, because of the inac- 
onraoy of the numbers upon which he first rested it. 

We are callod further to note that Eumford's ideas upon tho 
general subject of forces wore fer in advance of his age. Ho saw 
the relation of all friction to heat, and suggested that of fluids, by 
chnmiug processes, as a means of prodncing it — precisely tho 
method finally employed by Joule in establishing the mechanical 
equivalent of heat. He furthermore regarded animals dynami- 
cally, considering their force as the derivative of their food, and 
therefore as not created. That Kumford held these views in tlie 
comprehensive and matured sense in which they aro now enter- 
tained is, of course, not assorted. The advance from his day to 
ours lias been prodigious. "Whole sciences have been created, 
which afford the most beautiful esempUfications of the new doc- 
trines. Those dootrioes have received their subsequent develop- 
ment in various directions by many miuds, but we may bo allowed 
to question if the contributions of any of their promoters will sur- 
pass, if indeed they will equal, the value and importance which we 
must assign fo the first great experimental step in the new direc- 

Tho claims of Enmford maybe summarized as foOows: 

I. Ho was the man who first took the que^t on of tho nature 
of heat out of tho, domain of mttajl ys ls where it had 
been spocnlated npon since tho time of Ar stotle and 
placed it upon the true basis ot 1 1 v il espe ment 

II, He first proved the insufficiency f the c r t e\p!inal us 
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of tho sources of heat, and demonstrated tiie falsity of tlio 
prevailing view of its materiality. 

ni. He first estimated the quantitative relation between tho heal 
pi-o<3ueed by friction and that by corabnstion. 

IV. He first showed the quantity of heat produced by a definite 
amount of mechanical work, and arrived at a reault re- 
markably near the finally establiabed law, 

V. lie pointed out other methods to be employed in determining 
tho amount of heat produced by the expenditure of me- 
chanical power, instancing parfjcularly tho agitation of 
water, or other hqulds, as in churning. 

VI. He regarded the power of animals as due to their food, there 
fore as having a deflnite source and not created, and thna 
applied lis views of force to the organic world. 

VII. Enmford was the first to demonstrate the quantitative con- 
vertibihty of force in an important case, and tho first to 
reach, esperimentally, the fundamental conclusion that heat 
U hut a mode of motion. 

In hia late work upon heat, Prof. Tyndall, after quoting co- 
piously irom Enmford's paper, romai-ks : " When the history of tho 
dynamical theory of heat is wntteu, the man who m opposition t j 
the soientifio belief of his time could espeniuent, and reason upon 
experiment, as did Eumford in tho investigation here referred to, 
cannot bo lightly passed over.' Hid cthor Enghsh writers heen 
equally just, theye would have been less nceossity for the toregomg 
expoMtion of Eumford's labors and chinia , but there has I een a 
manifest dispoa.lj.on in various quarters to obscure and depreciate 
them. Dr. Whcwell, in his lustory ot the Inductive Sciences, 
treats the subject of ihennotics without mentioning him An em- 
inent Edinburgh professor, wnimg recently in the Philosophical 
Magazine, under the confessed mfinence of ' patuotum,' nndci 
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iakes to mske the djnamical theory of heat an English mcmopoly, 
due to Su' laoao Newton, Sir Iluinphry Davy, and Dr. J. P 
Joule ; while an ahle writer in a late nnmber of the Korth Bridsi 
Review, in sketching the historic progress of the new Tiews, pnta 
Dayy forward aa tiieir founder, and assigns to Eumfnrd a minor 
and snhsegiient place. 

Sir Humphry Davy, it is well known, early rejected the calorio 
hypothesis. In 1799, at the age of twenty-one, he published a 
tract at Bristol, de9erii>ing sonio ingenions experiments upon the 
suhject. It was the publication of this pamphlet which brought 
liim to Eumfcrd'a notice, and resulted in his subsequent connection 
with the Eoyal Institution. But Davy's ideas upon the question 
were far from clear, and will hear no comparison with those of 
Eumford, pubhshed the year before. Indeed his eulogist remarks : 
"It is certain that even Davy himself was led astray in his argn- 
ment by using the hypothesis of change of capacity as the basis 
of his reasoning, and that he might have been met successfnlly by 
any able calorist, who, though maintaining the materiality of teat, 
might have been wiUing to throw overboard one or two of the leas 
essential tenets of his school of philosophy." It was not till 1813 
that Davy wrote m his Chemical Philosophy, "Tho immediate 
cause of the phenomena of heat then is motion, and the laws of its 
communication ai'e predaely the same as those of the communica- 
tion of motion." When, therefore, we remember that Davy's first 
pubUoation was subsequent to that of F.umford's, that he confined 
himself to the narrowest point of the subject, the simple qnestion 
of the existence of caloric; and that he nowhere ^vcs evidence 
of having the slightest notion of the quantitative relation between 
niechanical force and heat, the futility of the claim which would 
make him the experimental founder of the dynamical theory, is 
abundantly apparent. 

The inquiries opened by Eumford and Davy were not formally 
pnrsned by the succeeding generation. Even the powerful adbe- 
■ion of Dr. Thomas Young — perhaps the greatest mind in science 
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wnoe Newton — failed to givo currency to tie new views. But tlio 
salient and impregnable demonstration of Enmford, and the ingen^ 
iou3 experiments of Davy, fact vrhi h old n ti L Tadec! nor 
harmonized with the prevailing w n t w tli t nfliience. 

That there was a general, tlio gh sc t d y toward a 

new philosophy of forces, in th arly q f h p sent cen- 

tury, 13 shown by the fact that ntifi n f different 

nationB, and with no knowJed f h h 11 gave ex- 
pression to the same views at b t th m tim (_ rove and 
fonle of England, Mayer of ( rmjny anl C Ih f Denmark, 
announced the general doctrine of the mutual relationaof the forces, 
with more or less expUcation, about 1842, and Seguin of France, 
it is claimed, a little eurher. From this time the subject was closely 
pursued, and the names of Helmholta, Holfzman, Olausius,* Faraday, 
Thompson, Eanldne,t Tyndall, Carpenter, and others are intimately 
associated with its advancement. In this country Professors Henry J 
and Lecontel have eontiibnted to ihuatrate the organic phase of tlio 
doctrine. 

I cannot hero attempt an estimate of the respective shares 
which these men have had in oonatmcting the new theories ; the 
reader will gather various intimations upon this point from the 
snceecding essays. The foreign periodicals, both scientific and lit- 
erary, show that tlie question is being thoroughly sifted, and mate- 
rials accumulating for the future history of the subject. The para- 
mount claims are, however, those of Joule, Mayer, and Grove. 

• CtiuBira, EUDOirn Julius Imhabtjei. -was bora at Cuslin, Pomracm, Jonnarj' 
22, 1822. Ho iiecanje FrofCaBor of PhUoaophy and Physics in tie Poljtcclinio Bctool 
at Znricli ja IBSj, and then Professor of the Zurkli UniverBity {iS&T). He was atter- 
warfla teaehac of Physics and Artillery in tie School ot Berifn. and then private 
tiaoLer of tho nntYereJty of that place. 

t Easeinii, Wiujau Jons' MiC^UOKj Tuas Iwrn at Eflinlmrgli, July C, 1830. Uo 
Is B civil eogioacr In Glasgow, a mcmlicr of tie Philosophical Booietj at that place, 
tad of the Eojal Bociety of LoodotL 

t ScB tho article '■ Meteorology," in tho Agriailtnial Eeportuf the Patent ODlce, for 
185T. 

5 See the AmcrlCBn Joinual ot Science for Hot. 1S69. 
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According to the strict rule of science, that in all tiose cases 
Wliere experimental proof is possible, he ttIio first supplies it is ttie 
true dJseoTerer, Dr. Joule must be assigned tlie foremost place 
among the modern investigators of the subject. He dealt with the 
whole question upon, the basis of experiment. Ho labored with 
great perseverance and skill to detennino the mechanical equivalent 
of heat — the corner-stone of the edifice ; and in accomplishfag this 
resolt in 1850, he may be said to have matured the work of Eumford, 
and finally established upon an experimental basis the great law of 
thermo-dynamics, to remain a demonstration of science forever. 

Professor Grove has also worked out the subject in his own in- 
dependent way. Combining original experimental investigations 
of great acuteness, with, the philosophic employment of the gen- 
eral results of science, he was the first to give complete and aystem- 
fttio espressjon to the new views. His able work, which opens 
the present series, is an authoritative exposition, and an acknowl- 
edged classic upon the subject. 

AgMn, the claims of Dr. Mayer to an eminent and enviable 
place among the pioneers of this great scientific movement, are un- 
questionable. There has evidently been, on the part of some Eng- 
glish writers, an unworthy inclination to depreciate his merits, 
which haa given rise to a sharp and searching controversy. The 
intelleotnal rights of the German philosopher have, however, been 
dedsively vindicated by the chivalric pen of Drof. Tyndall ; and it 
b to the pnbUc interest thus excited, that we are indebted for the 
translation of Mayer's papers, which appear in this volnme. Mayer 
did not experiment to the extent of Joule and Grove, yet he well 
knew its importance, and made such investigations as his apparatus 
and the duties of a. laborious profession wouH iJlow. Tet his 
views were not therefore mere ingenious and probable conjectures. 
Master of the results of modern science, and of the mathematical 
methods of dealing with them, possessing a broad philosophic 
grasp, and an extraordinary mental pertinacity, Dr. Mayer entered 
early upon the inquiry, and not only has he developed many of its 
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prime applications in adyance of any other tliinlier, but he hua 
done his worli: under circumstaiices and in a manner which awa- 
kens the highest admiration for hia genius.* 

An eminent authority has remarked ' that tl ego discoveries open 
a region wMeh promises possessions richer than any hitherto 
granted to the inteUeet of man.' Involving as they do a revolution 
of fundamental ideas, their consequences must he as comprehen- 
sive as the range of human thought. A principle has heen devel- 
oped of all-pervading application, which brings the diverse and 
distant branches of tnowledge into more intimate and harmonious 
alhance, and affords a profounder insight into the universal order. 
Not only is science itself deeply affected by the presentation of its 
questions, in new and snggestive lights, but its method is at once 
made universal. There is a crude notion in many minds, that it jg 
the business of science to occupy itself merely with the study of 
matter. "When, hitherto, it has pressed its inqiuiies into the higher 
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' TliiJ paucity of fecta in Mayer's time has been urged aB if it were a reiiroaeh tc 
him ; bnt it onght lo be remembered that the quantity of fiiot noeessajy to a gcneialiHi- 
tlon IB different for different minds. 'A Hold to (he wise Is enffiolent tor Ihem,' and 
a Blngle fiiot in some minds bears fruit thst a hundred eannot produce in others, 
Mayer's data were comparatlyely scanty, but hiB gcnins went fiir lo supply tho lack of 
e jperiment, by enabling him to see tlearlj' the bearli^ of such &0I3 as he possessed. 
They enahlefl Mm to Oiini out the law of coBsecyation, and tis conclualona peoeiyeil 
the stamp of cert^nty from the sabacqnent experimental labors of Mr. Joule. In ref- 
erence tB their comparatiye merits, I wonld say that aB Seer and Generallser, Mayer, 
In my opinion, Blsnds'firat— na experimental p!iiJon>pker, Joule.^ 
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region of life, mincl, society, lustoi'y, and eilncation, tlie traditional 
ouBtodians of tlieae Bubjecta Lave bidden it keep witbin its iimita 
and stick to matter. But science is not to bo hampered by ttis 
narrow conception ; its office is nothing less than to jnyestigat* tho 
laws and Tmiversal relations of force, and its domain ia therefore 
ooestenBive -witli tho display of power. Indeed, aa we know noth- 
ing of matter, except through its manifestation of forces, it ia ob- 
Tiona that the sindy of matter itself ia at last resolved into the 
stndy of forces. The establishment of a new philosophy of forces, 
therefore, by ita vast extensioa of the scope and methods of aci- 
enc«, constitutes a momentona event of intcllectnal progress. 

The discussions of tho present volume will make fully apparent 
the importance of tlie new doctrines ia relation to physical BCiencD, 
bnt their higher implications are bat partially imfplded. In the 
concluding article Dr. Carpenter has shown the applicability of tho 
principle of correlation to Tital phenomena. His argument is of 
interest, not only because of the facts and principles estabUshed, 
hut as opening an inquiry which must lead to still larger results : 
for, if ihe prindple be found operative in fundamental organic 
processes, it will nndoubf«dly be traced in those which are higiier ; 
if in the lower sphere of hfe, then throughout that sphere. If the 
forces are correlated in organic growth and nutrition, they must be 
in organio action; and thus human activity, ia all its forms, is 
brought within tho operation of the law. As a creature of or- 
ganic nutrition, borrowing matter and force from the outward 
world ; as a being of feeUng and sensibihty, of intellectual power 
and multiform activities, man must be regarded as amenable to tho 
great law that forces are convertible and indestruotible; and aa 
psychology and sociology — the science of mind and the science of 
society— have to deal constautiy with different phases and forms 
of human energy, the new principle must ha of the profoundest 
jnijort in reUtion to these great subjects. 

The forces manifested in the Uving system are of the moat 
raried and unlike character, mechanical, thermal, luminous, electric, 
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chenucal, nervous, sensory, emotional, and intellectual. Tliat these 
forces are perfectly coordinated — that there is some definite relation 
among them which explains the marvellous dynamic unity of tho 
liying organism, does not admit of question. That this relation is 
of the same nature aa that which is found tc exist among the 
purely physical forces, and which is expressed hy the term ' Correl- 
ation,' seems also abundantly evident. From the great complex- 
ity of the conditions, the same exactness will not, of conrse, be 
expected hero as in the inorganic field, hut this is one of the neces- 
sary limitations of all physiological and psychological inquiry ; thus 
qualified the proofs of the correlation of the nervous and mental 
forces with the phydcal, are as clear and decisive as those for the 
physical forces alone. 

If a current of electricity is passed through a small wire it 
produces heat, wliUe if heat is applied to a certain combination of 
metals, it reproduces a current of electricity ; these forces are, 
therefore, correlated. A current of electricity passed through a 
small portion of a motor or sensory nerve will excite the nerve 
force in the remainder, while, on the other handj as is shown in the 
case of the torpedo, the nerve-force may generate electricity. 
Nerve-force may produce heat, Ught, electricity, and, as we con- 
stantly experience, mechanical power, and these in their turn may 
also excite nerve-force. This form of energy is therefore deai-ly 
entitled to a place in the order of correlated agencies. 

Agfun, if we take tlio highest form of mental action, Tia. : will- 
power, we find that while it commands tho movements of the sys- 
tem, it does not act directly upon the muscles, tiut upon the cerebral 
hemispheres of the brdn. There is a dynamic chain of which 
voluntary power is but one link. The will is a power which excites 
nerve-force in, the brain, which again excites mechanical power in 
the muscics. WUl-power is therefore correlated with nerve-power 
it the same manner as the latter is with Tnuscular power. Dr. 
Carpenter well observes: "It is difficult to see that the dynamical 
agency which we term will is more removed from nerve-force on 
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tlie one liand than nerve-force is removed flrom motor force on the 
other. Each, in giving ori^n to the next, is itself expended or 
ceases to osiet as such, arid each bears, in ita own intensity, a pre- 
oiserelafjontothatof its ant d tand t na q nt TVehave 
here only space briefly to tr th p in pi in t y plication to 
eensations, motions, and intcll t al p t 

The physical agencies a ti g p n auim t h ccts in the 
external world, change theu f m and tat 1 egard these 

changes as transformed manif tat n f th action. A 

body is heated hy hammering; the heat is hut transmuted mechani- 
ca] force; or a body is put in motion by heat, a certain quantity 
being transformed into mechanical eifeet, or motion of the mass. 
And so it is held that no force can arise except by the expenditure . 
of a preexisting force. Ifow, the living system is acted upon by 
the same agencies and under the same law. . Impressions made 
npon tho organs of sense ^ve rise to sensations, and we have the 
same warrant in this, as in the former case, for regardbg the cifects 
as transformations of the forces in action. If the change of 
molecular state in a melted body represents the heat transformed 
in. fusing it, so the sensation of warmth in a living body must 
represent the heat transformed in producing it. The impression on 
the retina, as well aa that on the photographic tablet, results from 
the transmuted impulses of light. And thus impressions mode 
from moment to moment on all our oi^ana of sense, are directly 
correlated with external physical forces. This correlation, further- 
more, is quantitative as well as qualitative. ITot only does the 
light-force produce its pecuhar sensations, but the intensity of these 
sensations corresponds with the intensity of the force ; not only is 
atmospheric Tibration transmuted into the sense of sound, but tho 
energy of the vibration determines its loudness. And so in all 
other oases; tho quantity of seusatioa depends npon tho qnantity 
of the force acting to produce it. 

Moreover, sensations do not terminate iu themselves, or come 
to nothing ; they produce certain coiTelated and equivalpnt effects. 
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The feelings of light, heat, sound, odor, taste, pressure, are im- 
mediately followed by physiological effects, as secretion, mnacnlai 
aofJon, &c. Sensations increase the contractions of the heart, and 
it has been lately maintained tliat every sensation contracts the 
muscular fibres thronghont the whole vascular system. The res- 
piratory muscles also respond to sensations; the rate of breathing 
being increased by both pleasnrable and pdnfhl nerye-impreaaions. 
The quantity of sensation, moreover, controls the quantity of emo- 
tion. Loud soonds produce violent starts, disagreeable tastes cause 
wry faces, and sharp pains ^vo rise to violent strngglcg. Even 
when groans and cries are suppressed, the clenched, hands and set 
teeth show that the muscular excitement is only taking another 
direction. 

Between the emotions and bodily actions the correlation and 
eq^uivalence are also equally dear. Moderate actions, like moderate 
sensations, excite tho heart, the vascular system, and the glandular 
organs. As the emotions rise in strength, however, the various 
systems of muscles are thrown into action ; and when they reach a 
certMn piteh of intensify, violent convulsive movements ensue. 
Anger frowns and stamps; grief wrings its hands; joy dances and 
leaps — the amount of sensation determining the quantity of correla- 
tive movement. 

Dr. Carpenter, in his Physiology, has brought forward nnmeroua 
escmplifications of this principle of the converiion of crotfioninto 
movement, as seen in the common workmgs ot hnmin nature 
Most persons have experioncod the diffieulty of sitting still undu 
high excitement of the feeUngs, and aKo the rehef ifforded I3 
walking or active exercise ; while, on tho other hand, repre<:aion of 
the movements protracts the emotional excitement Manyiiasnble 
persons get relief from their irritated feehngs by a hearty explosion 
of oaths, others by a violent slamming of the door, or a prolonged 
fit of grumbling. Demoratrative persons habitnally expend their 
feelings in action, while those who manifest them less retiun them 
longer: henoe the former are more weak and transient in their 
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ftttacbmenta than tlie latter, whose unexpended e 
permanent elements of character. For tJie same reason, those who 
are lond and vehement in their lamentations seldom die of grief; 
while the deep-seated emotions of sorrow which others cannot 
work off in yiolent demonstrations, depress the organio functions, 
and often wear out the life. 

The intellectaa! operations are also directly correlated with 
phy^-cal activities. As in the inorganic world we know nothing 
of forces except as exhibited ty matter, so in the higher inteUectnal 
realm we know nothing of mind-force except throngi. its material 
manifestations. Mental operations are dependent upon material 
changes in the nervous system ; and it may now he regarded as a 
fimdamental phywolo^cal principle, that " no idea or feeling can 
arise, save as the result of some physical force expended in pro- 
ducing it." The directness of tiis dependence is proved hy the 
fact that any disturbance of the train of eerehral transformations 
disturbs mentality, while tbeir arrest destroys it. And here, also, 
the correlation is quantitative. Other things heing equal there ia a 
relation between the size of the nerve apparatus and tbe amount 
of mental action of which, it is capable. Again, it ia dependent 
upon the vigor of the circulation ; if this ia arrested hy the cessation 
of the heart's action, total unconseiouaness results ; if it is enfeebled, 
mental action ia low ; while if it is quickened, mentality rises, oven 
to delirium, when the cerebral activity beoomea eseessive. Again, 
the rate of brain activity is dependent upon the special chemical 
ingredients of the blood, oxygen and carbon. Increase of osygen 
augments cerebral action, while increase of carbonic acid depresses 
it. The degree of mentaJity is also dependent upon the phosphatic 
constituents of the nervous system. The proportion of phosphorus 
ia the brain is smallest in infancy, idiocy, and old age, and greatest 
dnricg tbe prime of life ; while tlie quantity of alkaline phosphates 
excreted by the Mdneys rises and falla with the variations of mental 
activity. The equivalence of physical agencies and mental effecta 
ia still further seen in the action of various substances, as alcohol, 
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opinm, liaahish, nitrous oside, etc, when absorbed into tlio blood. 
"Within the limits of their peculiar action upon the nervous centres, 
the effect of each is stricfly proportionate to the quantity taken. 
There is a constant ratio between the antecedents and eonsequents. 
"How tlis icetamorphobis talics place — how a force existing 
as motion, heat, or light, can beeoiao a mode of consciousness — 
how it is possible for aerial vibrations to generate the sensation 
we call sound, or for the forces liberated by chemical changes in the 
train, to ^ve rise to emotion, these ore mrsteries which it is ira- 
possiblo to fathom. Bat they are not profounder mysteries than 
the transformation of ihe physical forces into each other. They 
aie not more completely beyond our comprehension than the 
natures of mind and matter. They have simply the same insolu- 
bility as all other ultimate questions. We can learn nothmg more 
than that here is one of the nnifonnitios in the order of phe- 



The law of correlation being thns applicable to human energy 
as ■well as to the powers of nature, it mast also apply to society, 
where we constantly witness the conversion offerees on a compre- 
hensive scale. The powers of natnro are transformed into the aotiv- 
itiesof society; water-power, wind-power, steam-power, and electri- 
cal-power are pressed into the social service, reducing hmnan labor, 
multiplying resources, and carrying on numberless industrial pro- 
cesses : indeed, the conversion of these forces into social activitJea 
ia one of the chief triumphs ot civilization. The universal forces 
of heat and light are transfoi-med by the vegetable kingdom into 
the vital energy of organic compounds, and then, as food, are again ■ 
converted into human beings and human power. The very exist- 
ence as well as the activity of society are obviously dependent upon 
the operations of vegetable growtli. When that is abnndant, popu- 
Jatim, may become dense, and social activities muitifarious and 
complicated, while a scanty vegetation entails sparse popnlation 
and enfeebled social action. Any universal disturbance of tho 
physical forces, as excessive rains or drouth, by reducing tho har- 
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vest, is felt tliroiighout the entire souia! organism. Where tliis 
effect is laaried, and not conntcracted by free commnmcation with 
more fertile regions, the meajis of the community become restricted, 
hnsiaess declines, maiinfectnres are reduced, trade slackens, travel 
foils off, luxuries are diminished, education is neglected, mamagea 
are fewer, and a thousand kindred results indicate decline of enter- 
prise and depression of the social energies. 

In a dynamical point of view there is a strict analogy between 
the individual and the social economies — the same law of force 
governs the development of both. In the case of the individual, 
the amount of energy which he possesses at any tjme is limited, 
and when conanmed. for one purpose it cannot of course be had for 
anothet. An nndne demand in one direction, involves n corre- 
sponding deficiency elsewhere. For example, excesa.ve action of 
the digestive system eshansts the muscular and cerebral systems, 
while excessive action of the muscular system is at the expense of 
the cerebral and digestive organs ; and again, excessive action of 
the brain depresses the digestive and muscular energies. If tho 
fund of power in the growing constitutions of children is overdrawn 
in any spedal channel, as is often the case by eseeasiVo stimulation 
of the brain, the undue abstraction of energy from otter portions 
of the system is sure to entail some fonn of physiological disaster. 
So with the social organism; its forces being limited, there is bnt a 
definite amount of power to be consumed in the various social 
activities. Its appropriation in one vray makes impossible its em- 
ployment in another, and it can only gain power to perform one 
function by the loss of it in other directions. This fact, that social 
force cannot be created by enactment, and that when dealing with 
the producing, distributing, and commercial activities of the com- 
munity, legislation can do littie more than interfere with their 
Baturoi courses, deserves to be more thoroughly appreciated by the 
public. 

Bnt the law in question has yet higher bearings. More and 
mwe we are perceiving that the condition of humanity and the 
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progress of civilization are direct resiiltflnta of tLe forces by which 
men are controlled. What we term the moral order of BOciety, im- 
plies a strict regularity in tlie action of these forces. Modem sta- 
tistics disclose a remarkable constancy in the moral activities man- 
ifested in communities of men. Crimes, and even the modes of 
crime, have been observed to occur with a uniformity which admits 
of their prediction. Each period may therefore be said to have its 
definite amount of morality and jnstiee. It lias been maintained, 
for instance, with good reason, that " the degree of liberty a peo- 
ple is capable of in any given age, is a fixed quantity, and that any 
artificial estension of it in one direction brings about an equiva- 
lent limitation in some other direction. French revolutions show 
scarcely any more respect for individual rights than the despotisms 
they supplant ; and Jrench electors use their freedom to put 
themselves again in slavery. So in those communities where State 
restrdnt is feeble, we may expect to find it supplemented by the 
sterner restraints of public opinion," 

But society like the individual is progressive. Although at 
each stage of individnal growth the forces of the organism, physi- 
olo^caJ, intellectual, and passional, have each a certain definite 
amount of strength, yet these ratios are constantly changing, and 
it is in this change that development essentially consists. So with 
society; the measured action of its forces ^ves rise to a fixed 
amount of morality and liberty in each ago, but that amount in- 
creases with social evolution. The savage is one in whom certain 
classes of feelings and emotions pi-edominate, and ho becomes civil- 
•aed just m proportion as these feelings are slowly replaced by oth- 
ers of a higher character. Yet the activities which determine 
human advancement are various. Not only must we regard the 
physiological forces, or those which pertdn 1« man's physical or- 
ganization and capacities, and the psychological, or those resulting 
fiom his intelleotaal and emotional constitution, but the influences 
of the estemal world, and those of the. social state, are likewise to 
be considered, Man and society, therefore, as viewed by the eye 
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of science, present a series of vast and oomples djnamical problems, 
whicii are to be studied in the future in tlie light of the great 
law by whici, we Lave reason to believe, all forms and phases of 
force are governed. 

A further aspect of the subject remains still to be noticed. Mr. 
Herbert Spencer haa the honor of crowning this subhme inquiry by 
showing that the law of the conservation, or as he prefers to term it 
the 'Persistence of Force,' aa it is the underlying principle of all be- 
ing, ia also th,e fundamental truth of all philosophy. With masterly 
analytic skill he has shown. Qiat this principle of which the human 
mind has just become fully conscious, is itself the profonadeat law 
of the human mind, the deepest foundation of consciousness. He 
has demonstrated that the law of the Persistence of Porce, of whioh 
the most piercing intellects of past times had but partial and un- 
satisfying ghmpses, and wMch the latest scientific research has 
disclosed aa a great principle of nature, has a yet more transcendent 
character; is, in fact, an d priori truth of the highest order — a 
truth whieh is necessarily involved iu our mental organization ; 
whicii is broader than any possible induelion, and of higher validity 
than any other truth whatever. This principle, which is at once 
the highest result of sciontiflc investigation and metaphysical 
analysis, Mr. Spencer has made the basis of his new and compre- 
hen^ve System of Philosophy ; and in the first work of the series, 
entitled " First Principles," he has developed the doctrine in its 
broadest philosophic aspects. The lucid reasoning by which he 
i-eaches his conclusions cannot be presented here ; a brief extract 
or two will, however, serve to indicate the important place astigned 
to the law by this acute and profound iuc[uirer : 

" We might, indeed, be oertaiu, even in the absence of any such 
analysis as the foregoing, that there must exist some principle 
wMch, as being the basis of science, cannot be established, by sci- 
ence. All reasoned ont condasions whatever must rest on some 
postulate. As before shown, we cannot go on merpng derivative 
truths in these wider and wider truths from which they are do- 
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rived, without roaehing at last a widest troth which OMi be merged 
in no other, or deriTed irom no other. And wlioever contemplates 
the relation in which it stands to the truths of science in general, 
will see that this truth, transcending demonstration, is the Persist- 
ence of force." * * * 

" Such, then, is the foundation of any possible system of posi- 
tive knowledge. Deeper than demonstration— deeper oven than 
definite cognition — deep as the very nature of mind, is the postu- 
late at which we have arrived. Its anthority transcends all others 
whatever, for not only is it ^ven in the constitution of our own 
conacionsnes'^ but it is imposa.blo to imagine a consciousness so 
constituted as not to give it. Thought, involving amply the eatab- 
hshment of relations, may be readily conceived to go on while yet 
fhew relations have not been organized into the abstracts we call 
space and tune ; and so there is a conceivable kind of censdousnesa 
which does not contain tbo tmtha commonly called d priori, in- 
volved in the organization of these forms of relatjons. But thought 
cannot be conceived to go on without some element between which 
its relations may be established ; and so tiere is bo conceivable 
kind of consciousness which does not imply continned existence as 
Its datnm, Conscionsneas without this or that particular form ia 
possible ; but consdousness without eontenU is impossible. 

" The sole truth which transcends experience by underlying it, is 
thus the Persistence of force. This being the basis of experience, 
must be the basis of any scientific organization of experiences. To 
this an ultimate analysis brings us down; and on this a rational 
Bjn thesis must bo built up." 

To the question, Wbat then is tie value of experimental inves- 
tigations upon the subject, if tbo truth sought cannot be estab- 
lished by inductions from them ! Mr, Spencer replica; "They are 
of value as disclosing the many particular implications which the 
general truth does not specify ; they are of value as teachmg us how 
much of one mode of force is the equivalent of so much of another 
mode ; they are of value as determining under what conditions each 
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metamorphosis occurs ; and they are of value as Icatlmg us to in- 
quire ja what shape the remnant of force has escaped, ■when, the 
apparent results are not eciaiyalent to the canse." And it may ho 
added, that it ia to these iavealjgations that we are indehted for 13ie 
clear and comprehensive estahlishment of the principle as a law of 
physical nature; psychological analysis having only shown that it 
estends much further than it is the husiness of experimental science 

Thus the law characterized by Faraday as the highest in phys- 
ical science which onr faculties permit ns to perceive, has a far 
more extended sway; it might well have been proclaimed the 
highest law of all science — the moat fiir-reaching principle that 
adventuring reason haa discovered in the nniverse. Its stupendous 
reach spans all orders of existence. Not only does it govern the 
movements of the heavenly bodies, but it presides over the geneas 
of the constellations ; not only does it control those radiant floods 
of power which fill the eternal spaces, bathing, warming, illumining 
and vivifying our planet, bnt it rules tho actions and relations of 
men, and regulates the march of terrestrial affairs, H"or is its do- 
minion hmited to physical phenomena ; it prevails equally in the 
world of mind, controlling all the faculties and processes of thought 
and feeling. The star-smis of the remoter galaxies dart their ra- 
diations across the universe ; and although the distances are so pro- 
found that hundreds of centuries may have been required to traverse 
them, the impulses of force enter tho eye, and impressing an atomio 
change upon the nerve, ^ve origin to tho sense of sight. Star 
and nerve-fjssue are parts of the same system — stellar and nervous 
forces are correlated. Nay more; sensation awakens thought and 
kindles emotion, so that this wondrous dynamic chain binds into 
living unity the realms of matter and mind through measureless 
amplitudes of space and time. 

And if these high realities are but faint and fitful glimpses 
which science has obtained in the dim dawn of discovery, what 
mast he the glories of the coming day? If indeed they are hut 



;d by Google 



xlij nTTEODUcmoii. 

'pebtles' gatliorcd from the shores of the great ocean of truth, 
what are the mysteries Btffl hiddei). in the bosom of the mighty ue- 
esplored! And how far transcending aU stretch of thought that 
tTninown. and Infinite Cause of all to which the human spirit tnrns 
evermore in solemn and mysterious worship ! 

It remains only to ohserye, that so immense a step in the pro- 
gress of our knowledge of natural agencies as the following pages 
disdoso, cannot ha without effect npon the intellectnal culture 
of tbe age. To the adherenfa of that scholastic and verhal edu- 
cation which prefers words to things, and ancient to modem 
thought ; which ignores the study of nature, and regards the pro- 
gress of science with indifference or hoslihty, it matters little what 
views of tiie world are entertained, or what changes these views 
may undergo. But there is another, and happUy an increasing class, 
who hold tliat it is the true destiny of mind to comprehend the 
vast order of existence in the midst of which it is placed, and that 
the faculties of man are divinely adapted to this suhlime task ; who 
see that the laws of nature must be understood before they can bo 
obeyed, and that only through this understanding can man rise to 
tJio mastery of its powers, and bring himself into final harmony 
with his conditions. These will recognize that the discovery of 
new principles which ospand, and elevate, aud harmonize our views 
of the universe — which involve the workings of the mind itself, 
open a new chapter in philosophy, and touch the very foundations 
of knowledge, cannot bo without a determining influence upon the 
future course and development of thought, and the spirit and 
methods of its acquisition. 
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WiLUAii HoBEai GaoTE, an English lawyer and pliTsiciat, was boiu at 
Swansea, July 14, 1811. He graduated at Oxford in 1834, and during the 
neit five years was Professor of Natural Philosophy at Iho London Insii- 
tution. Professor Grove is a rare eiample of the abUity which has achioved 
a diadnguislied eminence in different fields of cSbrt 'Wliile pursuing with 
marked success the profession of an advocate, ho has devoted Jiis Idsure to 
ori^nal Btuentific researches, and obtained a high diadnction both ia a dis- 
coverer »nd a philoaopMo writer upon acientifio snlijeots. In 1862 be waa 
made Qneen'a Counsel, and afterwards Vice-President of the Eoyal Sodety. 
He is the inventor of the powerful galvanic battery known by Ms name, and 
his chief researches have been in the field of electricity. Many of his es- 
perimental results are referred to in the foUowmg pages, which will also 
attest his high posittou among the founders of the new philosophy of 
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THE Phrase ' Coirelation of Physical Forcea ' in the seuse in 
■wnich. I have used it, haying become recognized by a, largo 
number of scientific writers, it would produce confusion were I 
now to adopt another title. It would, perhaps, have been better 
if I had in the flrat instance used the term Co-relation, as the 
words ' correlate,' ' correlative,' Lad acqiurod a pecvdiar metaphys- 
ical sense somewhat differing from that which I attached to the 
BubstantiTe correlation. The passage in the text (p. 183) explains 
the meaning I have given to the term. 

Twenty years having elapsed since I promulgated the views 
contained in this Essay, which were first advanced in a lecture at 
the London Institution in January 1B42, and subsequently more 
fully developed in a course of lectures in 1843, 1 think it advisable 
to add a little to the Preface with reference to other labourers in 
the same field. 

It has happened with this subject as with many others, that 
similar ideas have independently presented themselves to differ- 
ent minds about the same period. In May 1843 a paper was 
publiahed by M. Mayer which I had not read when my last edition 
was published, and indeed only now know imperfectly by the 
mvA-voee translation of a friend. It deduces very much the same 
conclusions to which I had been led, the author starting partly 
from i priori reasoning and partly from an experiment by which 
water was heated by agitation, and from another, which had, how- 
ever, previously been made by Davy, viz. that ice can bo melted 
by friction, though kept in a medium which is below the freezing 
point of water. 

In 1843 a paper by Mr. Joule on the mechanical equivalent of 
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heat appearecl,Tvliich, though not in terms touching on the mutual 
and necessary dependence of all the Physical Forces, yet bears 
most importantly upon the doctrine. 

While my third edition was going through the press I had 
the good fortune to make the acquaintance of M. Seguia, who 
informed me that his uncle, the emiaent MontgolBer, had long 
entertained the idea that force was indestructible, though, with 
the exception of one sentence, in his paper on the hydraulic ram, 
and where he is apparently speaking of mechanical force, he has 
left nothing in print on the subject. Not so, however, M. Scguin 
himself, who in 1839, in a work on the ' Influence of Eailroads,' 
has distinctly esrpreased tis nncle's and his own views on tho 
identity of heat and mechanical force, and has given a calculation 
of their equivalent relation, which is not far from the more recent 
numerical results of Mayer, Joule, and others. 

Several of the great mathematicians of a much earlier period 
advocated the idea of what they termed the Conservation of Force, 
but although they considered that a body in motion would so 
continue for ever, unless arrested hy the impact of another body, 
and, indeed, in the latter case, would, if elastic, still continue to 
move (though deflected from its course) with a force proportion- 
ate to its elasticity, yet with inelastic bodies the general, and, as 
far as I am aware, the universal belief was, that the motion was 
arrested and the force annihilated. Montgolfier went a step far- 
ther, and his hydraulic ram waa to him a proof of the truth of 
his preconceived idea, that the shock or impact of bodies left the 
mechanical force undestroyed. 

Previously, however, to the discoveries of the voltaic battery, 
electro-magnefiam, thermo-electricity, and photography, it was 
impossible for any mind to perceive what, in the greater number 
of cases, became of the force which was apparcntiy hist. The 
phenomena of heat, known, from the earliest times, would have 
been a mode of accounting for the resulting force in many cases 
where motion was arrested, and we find Bacon announcing a 
theory that motion was the form, as he qnaintly termed it, of 
heat. Eumford and Davy adopted this view, the former witli a 
fair approximate attempt at numerical calculation, but no one of 
those philosophers seems to have connected it with the indo- 
itructibility of force. A passage in the writings of Dr. Eoget, 



;d by Google 



peefAoe. 6 

comliating the tteory that mere contact of dissai lihir bodies woa 
the source of voltaic electricity, philosopliically supports hia argu 
ment by the idea of aon-creotion of force. 

As I have introduced into tie later edifiona of my Essay ah- 
stracts of the different discoveries which I have found, since my 
first lectures, to bear upon the subject, I Iiavo been regarded by 
many rather as the historian of the progress made in this braEch 
of thought tlian aa one who has had anything to do with its ini- 
tiation. Everyone is but a poor jndge where he is himself inter- 
ested, and I therefore write with diffidence, but it would bo affect- 
ing an indifference which I do not feel if I did not state that I 
believe myself to have been the first who introduced this subject 
.as a generalised system of philosophy, and continued to enforce 
it in ray lectures and vrritings for many years, during which, it 
met with the opposition usuaJ and proper to novel ideas. 

Avocations necessary to the well-being of others have prevents 
ed my following it up experimentally, to the extent that I once 
hoped ; but I trust and believe that this Essay, imperfect though 
it be, has helped materially to impress oa that portion of the 
public which devotes its attention rather to the philosophy of 
science than to what is now termed science, the truth of the thesis 
advocated. 

To show that the work of to-day is not substantially different 
ti-om the thoughts I first published on the subject, at a period 
when I knew little or nothing of what had been thought before. 
I venture to give a few extracts fi'om tlie printed copy of my 
lecture of 1843 :— 

Phyeiciil Science treats of Matter, and what I shall to-night term its 
Affectkuit ; namely. Attraction, Motion, Heat, JLiglit, Electricity, Magnet- 
ism, Chemical- A ffinity. When these re-act upon matter, they constitute 
Forces. The present tendency of theory seems to lead to the opinion that 
all these Affections are resolvable into one, namely. Motion ; however, 
Bhouli the theories on these subjects be ultimately ao effectually gener- 
alised aa to become laws, they cannot avoid the necessity for retaining dif- 
ferent naniea for these different Affections ; or, as they would then be called, 
different modes of Motion 

(Ersted proved that Eleotridty and Magnetism are two forces which act 
npon each other ; not in strdght lines, as all other known forces do, hut in 
a rectangular direction : that is, that bodies invested with electricity, or the 
conduits of an electric-current, tend to jilace miignets at right cu^es to 
Ihem ; and, conversely, that magnets tend to place bodies conducting deO' 
iricity at right angles to them 
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The discovery of (Ereted, by whioi oleetridf j was made ft sourM o( 
Magoetiam, soon led philosopiiera to seek Ite converse effect ; that is, ta 
eduoe Electiidiy from, a, permanent magnet ; — had these esperimentahats 
Bucoceded in tlieir eipectaljona of making a Btationary mi^net a source of 
eleotrio-currenis, they would have realised the andent dreams of perpetual 
motion, they would have converted atalies into dynamics, they would have 
produced power without expenditure ; io other words, they would have be- 
come crealora. They fiiilcd, and Faraday saw (bwr error ; he proved that 
to obtain Eleotiicitj from Magneliam it was necessary to superadd to thii 
latter, motion ; that magneta mhUB in moUon indnoed deetrieity in con- 
tiguous conductors ; and that the direction of such electiio-eurrenla waa 
taogenliol to the polar direction of the magnet ; that as Dynamicnilectricity 
may be made the source of MagneUam and Motion, so Magnetiam conjdned 
with MoUon may be made the source of Eleclridty. Here originates the 
Science of Magneto-electricity, the true converao of Electro-magnetism ; 
and thus between Electricity and Magnetism is ahown to e jist a reciprocity 
of force Bueli that, considering rather as the prknary agent, the other be- 
comea the re-agent ; viewing one ia the relation of cause, the other is the 
effect 

The Science of Thermo-EIectridty connected heat with electricity, and 
proved these, like all other natural forces, to be capable of mutual reac- 

Toltoje action is Chemical action taking place at a dlatancc or trans- 
ferred through a chain of mei^a ; and the Daltonian equivalent numbers 
are the eiponenta of the amount of voltaic action for correspondir^ chemi- 
cal Eubatancea.. . . . 

By regarding the quantity of eleotrica!, as directly proportional to the 
efficient chemical action, and by eiperimentally tracing this principle, I 
have been fortunate enough to increaae tie power of the Voitaic-pile 
more tiian sisteen times, aa compared with any combination previously 
known. .... 

I am alcor^y diaposed to condder that the facts of Catalyais depend 
upon voltjuc action, to generate which three heten^eneous substaneca are 
always neceaaary. Induced by this belief I made some esperimenta on the 
subject, and Bucccedcd in forming a voltaic combination by gaaeoua-oxygen, 
gaseous-hydrogen, and platinum ; by which a galvanometer was deiected 
and water decomposed. . ' . . . 

It appears to me that heat and light may be conaidered es aGbctions ; 
or, according to the TTndulatory-theory, vibrations of matter itself, and not 
of a diatinet etherial fluid permeating it : these vibrations would be prop- 
agated, Just as sound is propagated bj vibrations of wood or aa waves by 
water. To my mind, all the conseqaences of the TJndulatory-theory flow 
aa easily from this, as from flie hypothesis of a specific ether ; to suppose 
which, namdy, to auppoae a fluid eui geaerw, and of extreme tenuity pen©- 
(i-ntiT^ aolid bodies, we must asaume, first, the exiatence of the fluid itself ; 
idly, that bodies are without eiception porous ; thirdly, that these 
1 communicate; fourthly, that matter is limited in espan^bihty. 
: of theao difficulties apply to tiio moi^fication of thia theory which I 
venture to propoae ; and no other difficulty apphea to it which does not 
equally apply to the received hyjotheda. _ With regard to the planetary 
spaces, the diminiahing periods of comets ia a strong argument for tie es- 
iatmce of an universally-difRised matter : thia baa lie function of resiat 
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«noe, and there appears to be no ceiisoa to clivest it of the fuiii 
mou to all matter, or BupcrficiuHj to appropriate it to certain 
Again, llie phenomena of transpareucj and opaeitj arc, to m; mind, more 
saailj' eiplicable by the former than by the latter Uieory ; as resulting from 
a difference in the molecular arrai^ement of the Diatter affected. In re- 
gard to the effects of double-refraction and polarisation, the molecular 
^ves at once a reason for the etfects upon the one theory, while upon the 
other we must, in addition to previous assumptions, further assume a dif 
ferent elasticity of the ether in different direcfions within the doubly- 
refracting medium. The same theory ia applicable to Electriuitj and 
Magnetism ; my own eiperhnenls on the influence of the elastic intermedium 
on the vollMC-arc, and those of Faraday on electrical induction, furnish 
strong ailments in support of it. My inclination would lead me to de- 
tidn you on this subjeet mach longer than my judgment deems advisable ; 
I therefore content myself with offering it to your consideration, and, 
should my aTOealions permit, I may at a future period more fully dHvolopa 

Light, Heat; Eleolrlcity, Magnetism, Motion, and Chemical-afflnity, are 
all convertible materia! affections; assuming either as the cause, one of 
the others will be the effect : thus heat may be s^d to produce electiieit j, 
electricity to produce heat ; magnetism to produce electricity, eleotrieity 
magneti'mi ; and BO of the rest. Cause and effect, therefore, ia thdr ab- 
stract relation to these forces, are words solely of convemencer wa are 
totally unacquainted with the ultimate generating power of each and all 
of them, and probably shall ever remain so ; we can only ascertain tho 
nonuM of iheic action: we must humbly refer their causation to one omni- 
present mfluence, and content ourselves with etudjiug their effects and 
devdoping by eiperiment their mutual relations. 

I have transposed the passages relating to voltaic action and 
catalysis, but I Itave not added a ivord to the above quotation, 
and, as far as I am. now aware, the theory that the so-called im- 
ponderables are affections of ordinary matter, that they are re- 
solvable into motion, that they are to be regarded in, their action 
oa matter as forces, and not aa specific entities, and that they are 
capable of mutual reaction, tltence alternately acting aa cause and 
effect, had not at that time been publicly advanced. 

My original Essays being a record of lectures, and being pub- 
lished by the managers of the Institution, I necessarily adhered 
to the form and matter which I had orally communicated. In 
preparing subsequent editions I found that, without destroying 
the identity of the work, I could not alter the style ; although it 
would have been leas difficult and more satisfhctory to me to have 
done so, tho work would not have been a republication ; and I 
was for obvious reasons anxious to preserve aa fkr as I could the 
original teit, which, though added to, is but little altered. 

The form of lectures has necessarily continued the use of the 
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first person, and I would heg my readers not to attribute to m^ 
from tbc modes of espression used, a dogmatism wliich. is far from 
my thought. If my opinions are expreaaed broadly, it is that, if 
opinions are always hedged in by qualifications, the style becomes 
embarrassed and the meaning frequently unintelligible. 

As a course of lectures can only be useful by inducing the 
auditor to consult works ou the subject he hears treated, so the 
object of this Essay is more to induce a particular trainof thought 
on the known fiicts of physical science than to enter with minute 
criticisms into each separate branch. 

la one or two of the reviews of previous editions the general 
idea of the work was objected to. I believe, towever, that will 
not now be the case ; the matliematical labours of Mr. Thompson, 
Clansius, and others, though not suitable for insertion in an 
Essay such as this, have awakened an interest for many portions 
of the subject, which promises much for its future progress. 

The short and irregular intervals which my profession permits 
me to devote to science so prevent the continuity of attention 
necessary for the proper evolution, of a train of thouglit, that I 
certainly should not now have courage to publish for the first 
time snch an Essay ; and it is only the favour it has received 
from those whose opinions I highly value, and the, I trust pardon- 
able, wish not to let some favourite thoughts of my youth lose ail 
connection with my name, that have induced me to reprint it. 

My scientific readers wiU, I hope, excuse the very short notices 
of certain branches of science which are introduced, as without 
them the work would bo unintelligible to many for whom it is 
intended. 1 have endeavoured so to arrange my matter that each 
division should form an introduction to those which follow, and 
to assume no more preliminary knowledge to be possessed by my 
readers than would be expected from persons acquainted with the 
elements of physical science. 

The notes contain references to the original memoirs in which 
the branches of science alluded to are to be found, as well as to 
those which bear on the main arguments ; where these i 
are numerous, or not easy of access, I have referred to tj 
vrhieh they are collated. To prevent the reader's attention being 
interrupted, I have in the notes referred to the pages of the text, 
instead of to jnterjwlatod letters. 
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CORKELATION 



PHYSICAL FOEOES 



I.— INTRODUCTORY REMARKS. 



WHEN natural phenomena are for the first ti nc ob- 
served, a tendency immediately developes itself to 
refer them to sometliing previously known — to bring them 
within the range of acknowledged sequences. The mode of 
regarding new facts, wliicli is most favourably received by 
the public, is tliat which refers them to recognised views — ■ 
stamps them into the mould in which the mind has been al- 
ready shaped. The new fact maybe far removed from those 
to which jt is referred, and may belong to a different order 
of analogies, but this cannot then be known, as its co-ordi- 
nates ore wonting. It may be questaonable whether the 
mind is not so moulded by past events that it is impossible 
to advance an entirely new view, but admitting such possi- 
bility, the new view, necessarily founded on insufficient data, 
is likely to be more incoiTect and prejudicial than even a 
strained attempt to reconcile the new discovery with known 

The theory consequent upon new facts, whether it be a 
co-ordination of them with known ones, or the more difficult 
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10 COEKELATION OF rHYSICAL FOECEB. 

and dangerous attempt at remodelling tlie public ideas, is 
generally enunciated by tie diacoverers themselves of tlie 
facts, or by those to whose authority the world at the period 
of the discovery defers ; others are not bold enough, or if 
they be so, are unheeded. The earliest tlieoriea thus enuncia- 
ted obtain the firmest hold upon the public mind, for at aitch 
a time there is no power of testing, by a 9 
experience, the truth of the theory ; it is . 
mainly upon authority ; there being no taeans of contradie- 
tioa, its reception ja, in (he first instance, attended with some 
degree of doubt, but as the time in which it can fairly bo in- 
vestigated far exceeds that of any lives then in being, and as 
neither the individual nor the public mind will long tolerate 
a stale of abeyance, a theory shorlly becomes, for want 
of a better, admitted as an establiahed truth : it ia handed 
from, fether to son, and gradually takes its place in edu- 
cation. Succeeding generations, whose minds are thus 
formed to an established view, are much less likely to aban- 
don it. They have adopted it in the first instance, upon au- 
thority, to them unquestionable, and subaequently to yield up 
their faith would Involve a laborious remodelling of ideas, a 
taak which the public as a body will and can rarely under- 
take, the frequent occurrence of which is indeed inconsistent 
with the very existence of man in a social state, as it would 
induce an anarchy of thought — a perpetuity of mental revo- 
lutions. 

This necessity has ita good ; but the prejudicial effect 
iipou the advance of science is, that by this means, theories the 
most immature frequency become the most permanent ; for 
no theory can be more immature, none is likely to be so ia- 
correct, as that whidi ia formed at the first fluah of a new 
discovery ; and though time exalts the authority of those 
from whom it emanated, time can never give to ^c illustri- 
oua dead the means of analysing and correcting orroneoua 
Tioi^s which subsequent discoveries confer. 
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Take for instance the Ptolemaic System, wliicli we may 
almost literally explain by the expreesion of Shakspe'are ; 
' He that is giddy thinks the world tnms round.' We now 
Bee tte error of this system, because we have all an immedi- 
ate opportunity of refuting it ; bnt thie identical error was 
received as a truth for centuries, because, when first promul- 
gated, the means of refuting it were not at hand, and when 
the naeans of its refutation became attainable, mankind had 
been so educated to the supposed trutli, that they rejected the 
proof of its fallacy. 

I have premised the above for two reasons ; first to obtain 
a fair hearing, by requesting as far as possible a dismissal 
from the mind of my readers of preconceived views by and in 
favour of wMch all are liable to be prejudiced ; and secondly, 
to defend myself from the charge of undervaluing authority, 
or treating lightly the opinions of those to whom and to 
whose memory mankind looks with reverence. Properly to 
value authority, we should estimate it together with its means 
of information : if ' a dwarf on the shoulders of a giant can 
see further than the giant,' he is no less a dwarf in compari- 
son with the giant. 

The subject on which I am about to treat — viz., the relar 
tion of the affections of matter to each other and to matter — 
peculiarly demands an unprejudiced regard. The different 
aspects under which these agencies have been contemplated ; 
the different views which have been taken of matter itself ; 
the metaphysical subtleties to which these views unavoidably 
lead, if pursued beyond fair inductions from existing expe- 
rience, present difficulties almost insurmountable. 

The extent of claim which my views on this subject may 
have to originality has been stated in the Preface ; they be- 
came strongly impressed upon my mind at a period when I 
was much engaged in experimental research, and were, as 1 
then believed, and still believe, regarding them as a system, 
new : expressions in the works of different authors, bearing 
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more or less on the subject, liave subsequently been pointed 
out to me, some of wliicli go back to a distant period. An 
attempt to analyse tbese in detail, and to trace liow far I, 
Lave been anticipated by others, would probably bat little 
interest the reader, and in the course of it I should constantly 
have to make distinctions showing wherein I differed, and 
wherein I agreed with others. I might cite authorities which 
appear to me to oppose, and others which appear to coincide 
with certain of the views I have pnt forth ; but this would 
interrupt the consecutive developcment of my own ideas, and 
might render me liable to the charge of misconstruing those of 
others ; I therefore think it better to avoid such discussion in 
the text ; and in addition to the sketch given itt the Preface, 
to furnish in the notes at the conclusion such references 
to different authors as bear upon the subjects treated of, 
which I have discovered, or which have been pointed out lo 
me since the delivery of the lectures of which this essay 
is a record. 

The more extended our research becomes, the more we 
Bad that knowledge is a thing of slow progression, that tJie 
very notions which appear to ourselves new, have arisen, 
though perhaps in a very indirect manner, from successive 
modifications of traditional opinions. Each word we utter, 
each thought we think, has in it the vestiges, is in itself the 
impress, of antecedent words and thoughts. As each ma- 
terial form, could we rightly read it, is a hook, containing in 
itself the past history of the world ; so, different though our 
philosophy may now appear to be from that of our progeni- 
tors, it is but theirs added to or subtracted from, transmitted 
drop by drop through the filter of antecedent, as ours will he 
through that of subsequent, ages. — The relic is to the past as 
is the germ to the future. 

Though many valuable facts, and correct deductions from 
them, are to bo found scattered amongst the voluminous 
works of the ancient philosophers ; yet, giving them tho 
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credit which tliey pre-eminently deserve for having devot«d 
their lives io purely intellectual pursuits, and for Laving 
thought, seldom frivolously, often profoundly, nothing con be 
more dilBcnlt than to seize and apprehend the ideas of those 
w^ho reasoned from abstraction to abstraction — ^who, although, 
aa Tve now believe, they must have depended upon observa- 
tion for their first inductions, afterwards raised upon tbcm 
such a complex superstructure of syllogistic deductions, that, 
without following tie same paths, and tracing the same sinu- 
osities which led them to their conclusions, such conclusions 
are to us unintelligible. To think as anotber thought, wc 
must be placed in the same situation as be was placed : the 
errors of commentators generally arise from their reasoning 
upon tbe argmnenta of their text, cither in blind obedience to 
its dicta, without considering the circumstances under which 
fbey were uttered, or in viewing the images presented to the 
original writer from a different point to that from which ho 
viewed them. Experimental philosophy tccpa in check the 
errors both of a ^iori reasoning and of commentators, and, 
at all events, prevents their becoming cumulative ; though 
the theories or explanations of a fact be different, the fact 
remains the same. It is, moreover, itself the csponent of its 
discoverer's thought : the observation of known phenomena 
has led him to elicit from nature the new phenomena : and, 
though he may be wrong in his deductions from this after its 
discovery, the reasonings which conducted him to it are them 
selves valuable, and, having led from known to unknown 
truths, can seldom be uninstructivc. 

Very different views existed amongst the ancients as to tho 
aims to be pursued by physical investigation, and as to the objects 
likely to be attained by it. I do not here mean the moral ob- 
jects, such as tlie attainment of tbe summum ionum, &c. 
— but the acquisitions in knowledge which such investiga- 
tions were bkely to confer. Utility was one object in view, 
and this was to some extent attained by the progress made in 
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astronomy and meclianics ; Archimedes, for instance, seems 
to iiave constantly had this end in view ; but, while pursuiDg 
natural knowledge for the sake of knowledge and the power 
which it brings with it, the greater number seemed to enter- 
tain an expectation of arriving at some ultimate goal, soma 
point of knowledge, ■which would give them a mastery over 
the mysteries of nature, and would enable them to ascertain 
what was the most intimate structure of matter, and the 
causes of the changes it exhibits. "Where they could not dis- 
cover, they speculated. Leucippus, Democritus, and otliers, 
have given us tlieir notions of the ultimate atoms of which 
matter was formed, and of the modus agendi of nature in the 
various transformations which matter undergoes. 

The expectation of arriving at ultimate causes or essences 
continued long after the speculations of the ancients had been 
abandoned, and continues even to the present day to be a very 
general notion of the objects to be ultimately attained by 
physical science. Francis Bacon, the great rcmodellcr of 
science, entertained this notion, and thought that, by experi- 
mentally testing natural phenomena, we should be enabled to 
trace them to certain primary essences or causes whence the 
various phenomena flow. These he speaks of under the 
scholastic name of ' forms ' — a term derived from the ancient 
philosophy, but differently applied. He appears to have un- 
derstood by 'form' the essence of quality — that in which, ab- 
stracting everything extraneous, a given quality consbts, or 
that which, superinduced on any body, would give it its pe- 
culiar quality, thus the form of transparency, is that 
which constitutes transparency, or that hy which, when dis- 
covered, transparency could be produced or superinduced. 
To take a specific example of what I may term the syn- 
thetic application of his philosophy : — ' In gold there meet 
together yellowness, gravity, malleability, fixedness in the fire, 
a determinate way of solution, which are the simple natures 
in gold ; for he who understands form, and the i 
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Buperinducing this yeUowncss, gravity, ductility, fixedness, 
faculty of fusion, solution, &c., with their particular degrees 
and proportions, will consider how to join them together in 
some body, so ttat a transmutation into gold shall foUow.' 

On the other hand, the analytic method, or, ' the enquiry 
from what origin gold or any other metal or stone is generated 
from its first fluid matter or rudiments, up to a perfect min- 
eral,' is to he perceived by what Bacon calls Ihe latent pro« 
eeae, or a search for ' what in every generation or transfor- 
mation of bodies, flies off, what remains behind, ivhat is add- 
ed, what separated, &c. ; also, in other alterations and mo- 
tions, what gives motion, what governs it, and the like.' 
Bacon appears to have thought that qualities separate from 
the substances thenaselves were attainable, and if not capable 
of physical isolation, were at all events capable of physical 
transference and auperinduction. 

Subsequently to Bacon a belief haa generally existed, and 
now to a great extent exists, in what arc called secondary 
causes, or consequential steps, wherein one phenomenon is 
supposed necessarily to hang on another, .until at last we ar- 
rive at an essential cause, subject immediately to the First 
Cause. This notion is generally prevalent both on the Con- 
tinent and in this country : nothing is niore familiar than the 
expression ' study the efiects in order to arrive at the causes.' 

Instead of regarding the proper object of physical science 
as a search after essential causes, I believe it onght to be, and 
must be, a search after facts and relations — that although the 
word Cause may be used in a secondary and concrete sense, 
as meaning antecedent forces, yet in an abstract sense it is to- 
tally inapplicable ; wo cannot predicate of any physical agency 
that it is abstractedly the cause of another ; and if, for the sate 
;, the language of secondary causation be per- 
!, it should be only with reference to the special phe- 
a referred to, as it can never be generalised. _ 

The misuse, or rather varied use, of the term Cause, has 
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bcca a source of great confusion in ptysical theories, a.ui] 
philosophers arc even now by no means agreed as to tLeii 
conception of causation. The most generally received view 
of causation, fhatof Hume, refers it to invariable antecedence 
— i. e., we call that a cause which invariably precedes, that 
an effect which invariably succeeds. Ma1!y instances of in- 
variable sequence might however be selected, which do not 
present the relation of cause and effect : thus as Reed observes, 
and Brown does not satisfactorily answer, day invariably 
precedes night and yetdayisnotthecauseof night. Thesecd, 
again, precedes the plant, but is not the cause of it ; so that when 
we studyphysical phenomena it bccomesdifficultto separate the 
idea of causation from ihat offeree, and these have been regarded 
asidentjcalbysomephilosophers. To take an example which 
will contrastthcse two views ; if afloodgate be raised, the water 
flows out ; in ordinary parlance, the water is said to flow he- 
cause the floodgal* is raised : the sequence is invariable ; no 
floodgate, properly so called, can be raised without the water 
flowing out, and yet in another, and perhaps more strict, sense, 
it is the gravitation of the water which causes it to flow. But 
though we may truly say that, in this instance, gravitation 
causes the water to flow, we cannot in truth abstract ilie pro- 
position, and say, generally, that gravitation is the cause of 
water flowing, as water may flow from other causes, gaseous 
elasticity, for instance, which will cause water to flow from a 
receiver full of air into one that is exhausted ; gravitation may 
also, under certain circumstances, arrest instead of cause the 
flow of water, 

Upon neither view, however, can we get at anything like 
abstract causation. If we regard cansation as invariable se- 
quence, we can find no case in wliieh a given antecedent is 
the only antecedent to a given sequent : thus if water conld 
flow from no other cause than the withdrawal of a floodgate, 
we might say abstractedly that this was the cause of water 
flowing. If, again, adopting the view which looks to causa- 
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tion as a force, we could say that water could be caused to 
flow only by gravitation, we might say abstractedly ttat grav- 
itation was the cause of water flowing — but this wc cannot 
say ; and if we seelt and examine any other example, we 
shall find that causation, is only predicable of it in ike partic- 
ular case, and cannot be supported as an abstract proposition ; 
yet this is constantly attempted. Nevertheless, in each par- 
ticular case where we speal: of Cause, we habitually refer to 
some antecedent power or force : we never see motion or any 
change in matter take eflect without regarding it as produced 
by some previous change ; and when wo cannot trace it to its 
antecedent, we menta,lly refer it to one ; but whethertibis hab- 
it be philosophically correct is by no means clear. In other 
words, it seems questionable, not only whether cause and ef- 
fect are convertible terms with antecedence and sequence, but 
whether ia fact cause does precede effect, whether force docs 
precede the change ia matter of which it is said to be the 

The actual priority of cause to effect has been doubted, 
and their simultaneity argued with much ability. As an in- 
stance of this argument it may be said, the attraction which 
causes iron to approach the magnet is simultaneous with and 
ever accompanies the movement of the iron ; the movement 
is evidence of the co-existing cause or force, but there is no 
evidence of any interval in time between the one and the oth- 
er. On this view time would cease to be a necessary element 
in cansation ; the idea of cause, except perhaps as referred to 
a primeval creation, would cease to exist ; and the same ai^ 
guments which apply to the simultaneity of .cause with effect 
would apply to the simultaneity of Force with Motion. "We 
could not, however, even if we adopted this view, dispense 
with the element of time in the sequence of phenomena ; the 
effect being thus regarded as ever accompanied simultaneous- 
ly by its appropriate cause, we should stiU refer it to some an- 
tecedent effect ; and our reasoning as applied to the succes- 
sive production of all natural changes would be the same. 
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Haliit and the identification of thoughts with phenomena 
so compel the use of recognised terms, that we cannot avoid 
using the word cause even in the sense to wliich ohjeetion is 
taken ; and if we struck it out of our vocabulary, our lan- 
guage, in speaking of successive changes, would be unintelli- 
gible to the present generation. The common error, if I am 
right in supposing it to be such, consists in the abstraction of 
rause, and in supposing in each case a general secondary 
cause — a something which is not the first cause, but which, if 
we examine it carefully, must have all the attributes of a first 
cause, and an existence independent of, and dominant over, 
matter. 

The relations of electricity and magnetism afibrd us a 
very instructive example of the belief in secondary causa- 
tion. Subsequent to the discovery by Oersted of electro-mag- 
netism, and prior to that by Faraday of magneto-electricity, 
electricity and magnetism were believed by the highest author- 

i in the relation of cause and effect — i. e. elec- 

■egarded as the cause, and magnetism as the effect ; 

nagncts existed without any apparent electrical 
cause their magnetism, hypothetical currents 

3ed, for the purpose of carrying out the caua- 
but magnetism, may now be said with equal 
truth to be the cause of electricity, and electrical currents 
may be referred to hypothetical magnetic lines : if therefore 
electricity cause magnetism, and magnetism cause electricity, 
why then electricity causes electricity, which becomesj so to 
apeak, a reductio ad ahswdiMn of the doctrine. 

To take another instance, which may reader these posi- 
tions more intelligible. By heating bars of bismuth and anti- 
mony in contact, a current of electricity is produced ; and if 
their extremities be united by a fine wire, the wire is heated. 
Now here the electricity in tlie metals is said to be caused 
by heat, and the heat In the wire to be caused by electricity, 
and in a concrete sense this Is true ; but can wo thence say 
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abstractedly tliat heat is the cause of electricity, or that eleo- 
tricity is the cause of heat ? Certainly Bot ; for if either be 
true, both must he bo, and the effect then liecomes the cause 
of the cause, or, in other words, a thing causes itself. Any 
other proposition on this subject will be found to involve aim. 
ilar difficulties, until, at length, the mind will become con' 
vinced that abstract secondary cansation does not esist, and 
that a search after essential causes is vain. 

The position which I seek to establish in this Essay is, 
that the various affections of matter which constitute the 
main objects of experimental physics, viz., heat, light, elec- 
tricity, magnetism, chemical afSnity, and motion, are all cor- 
relative, or have a reciprocal dependence ; that neither, taken 
abstractedly, can be said to be the essential cause of the oth- 
ers, but that either may produce or be convertible into, any 
of the others: thus heat may mediately orimmediatelyproduce 
electricity, electricity may produce heat ; and so of the rest, 
each merging itself as the force it produces becomes devel- 
oped : and that the same must hold good of other forces, it be- 
ing an irresistible inference from observed phenomena that a 
force cannot originate otherwise than by devolution from some 
pre-existing force or forces. 

The term force, although used in very different senses by 
different authors, in its limited sense may be defined as that 
which produces or resists motion. Although strongly inclined to 
believe that the other affections of matter, which I have above 
named, arc, and will ultimately be resolved info, modes of 
motion, many arguments for which will be given in subse- 
quent parts of this Essay, it would be going too far, at pre- 
sent, to assume their identity with it ; I therefore use the terra 
force in reference to them, as meaning that active principle 
inseparable from matter which is supposed to induce its vari- 
ous changes. 

The word force and the idea it aims at expressing might 
be objected to by the purely physical philosopher on similar 
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grounds to those which apply to the word cause, as it repre- 
sents a subtle mental conception, and not a sensuous percep- 
tion or phenomenon. The objection woold take something 
of this form. If the string of a beat bow he cut, the how- 
will straighten itself; we thence say there is an elastic foToe 
in the bow which straightens it ; but if we applied our expres- 
sions to this experiment alone, the use of the term force 
would be superfluous, and would not add to our knowledge 
on the subject. All the information which our minds could 
get would be as sufficiently obtained from the expression, 
when the siring is cut, the bow becomes straight, as from the 
expression, the bow becomes straight by its elastic force. 
Do wo know more of the phenomena, viewed without refer- 
ence to other phenomena, by saying it is produced by force? 
Certamly not. All we know or see is the effect ; we do not 
see force — we see motion or moving matter. 

If now we take a piece of caoutchouc and stretch it, when 
^leased it returns to its original length. Here, thougii the 
snbject-matter is TCry different, we see some analogy in the 
efiect or phenomenon to that of the strung bow. If again 
we suspend an apple by a string, cut the string, the apple falls. 
Here, though it is less striking, there is still an analogy to 
the strung bow and the caoutchouc. 

Now when the word force is employed as comprehending 
these three different phenomena we find some use in the term, 
not by its esplaining or rendering more intelligible the modus 
agendi of matter, but as conveying to the mind something 
which is alike in the three phenomena, howeyer distinct they 
may be in other respects ; the word becomes an abstract or 
generahsed expression, and regarded in this light is of high 
utility. Although I have given only three examples, it is 
obvious that tbe term would equally apply to 300 or 3,000 ex- 
amples. 

But it will be said, the term force is used not as express- 
ing the effect, but as that which produces the effect. This i» 



;d by Google 



INTEODUCTOKi: EElLiEKS, 21 

true, and in this its ordinary sense I shall use itintlieae pages. 
But though the term has a potential meaning, to depart front 
whieh would render language unintelligible, wc must guard 
against suppos n^ that we know e'ssontially more of the pbe 
nomena by ay ng they are prod iced by Bom,ethiiig, which 
something is only a word lenve 1 from the constancy and 
similarity ol the jhcnomcna we seek to explain by it. The" 
relations of the pi easmena to whiuh the terms force or forces 
lire apphed give us real knowledge ; these relations may be 
called relations of forces ; our knowledge of them is not there- 
by lessened, and the convenience of expression ia greatly in 
creased, but the separate phenomena are not more intimately 
known ; no further insight into why the' apple falls is acquired 
by saying it is forced to fall, or it falls by the force of gravita 
tion ; by the latter expression we are enabled to relate it 
most usefully to other phenomena, but we still know no more 
of tiie paxtjcular phenomenon than that under certain circum- 
stances ■Qie apple docs fall. 

In the above illustrations, force has been treated as the 
producer of motion, in which case the evidence of the force is 
the motion produced ; thus wo estimate the force used to pro- 
ject a cannon ball in terms of the mass of matter, and tlie 
velocity with which it is projected. The evidence of force 
when the term is applied to resistance to motion is of a some- 
what different character ; the matter resisting ia molecularly 
affected, and has ita structure more or less changed ; thus a 
strip of caoutchouc to which a weight is suspended is elonga- 
ted, and ila molecules are displaced as compared with their 
position when unaffected by the gravitating force. So a piece 
of glass bent by an appended weight has its whole structure 
changed ; this internal change is made evident by transmil> 
ting through it a beam of polarised light ; a relation thus 
becomes established between the molecular state of bodies 
and tJie external forces or motion of masses. Every particle 
of the caoutchouc or glass must be acting and contributing to 
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resist or arrest the motjoa of the mass of matter appended 
to it. 

It is difficult, in such cases, not to recognise a reality iu 
force. We need some word to express this state of tension ; 
we know that it produced an elTect, though the effect be ncga.- 
tive in character ; allhough in (his effort of inanimate matter 
we can no more trace the mode of action to its ultimate ele- 
ments than we can follow out the connection of our own 
mnscles with the volition which calls them into action, we 
are esperimentally convinced that matter changes its state 
by the agency of other matter, and tliia agency we call 

In placing the weight on the glass, we have moved the 
former to an extent equivalent to that which it would again 
describe if the resistance were removed, and this motion of 
the mass becomes an exponent or measure of the force exert- 
ed on the glass ; while this is in the state of tension, the 
force is ever existing, capable of reproducing the original 
motion, and white in a state of abeyance as to actual motion, 
it is really acting on the glass. The motion is suspended, 
but the force is not annihilated. 

But it may be objected, if tension or static force be thus 
motion in abeyance, there is at all times a large amount of 
dynamical action subtracted from the universe. Every stone 
upon a hiU, every spring that is beat, and has required force 
io upraise or bend it, has for a time, and possibly for ever, 
withdrawn this force, and annihilated it. Not so ; what 
takes place when we raise a weight and leave it at the point 
to which it has been elevated? we have changed the centre 
of gravity of the earth, and consequently theearth'g position 
with reference to the sun, planets, and stars ; the effi)rt wo 
Have made pervades and shakes the universe ; nor can we 
present to the mind any exercise of force, which is thus not 
permanent in its dynamical effects. If, instead of one weight 
being raised, we raise two weights, each placed at a point 
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diametrically opposite the other, it would he said, hei-c you 
have compensation, a balance, no change in the centre of 
gravity of the earth ; but we have increased the mean diame- 
ter of the earth, and a perturbation of our planet, and of all 
other celestial bodies necessarily ensues. 

The force may be said to be in abeyance with reference 
to tlie efiect it would have produced, if not arrested, or 
placed in a, state of tension ; but in the act of imposing this 
state, the relations of equilibrium with other bodies have 
been changed, and these move in their turn, so that motion 
of the same amount would seem to be ever afFecting matter 
conceived in its totality. 

Press the hands violently together ; the first notion may 
be that lliis is power locked up, and that no change ensues. 
Not so ; the bbod courses more quickly, respiration is accele- 
rated, changes which wo may not be able to trace, take place 
in the muscles and nerves, transpiration is increased; we 
have given off force in various ways, and must, if the effort 
be prolonged, replenish our sources of power, by fresh chemi- 
cal action in the stomach. 

Tn books which treat of statics and dynamics, it is com- 
mon and perhaps necessary to isolate the subjects of consid- 
eration ; to suppose, for instance, two bodies gravitating, and 
to ignore the rest of the universe. But no such isolation ex- 
ists in reality, nor could we predict the result if it did exist. 
Would two bodies gravitate towards each other in empty 
space, if space can be empty? the notion tliat they would is 
founded on the theory of attraction, which Newton himself 
repudiated, fiirthcr than as a convenient means of regard- 
ing the subject. For purposes of instruction or argument it 
may be convenient to assume isolated matter : many con- 
dusions so arriycd at may be true, but many will bo 
erroneous. 

If, in producing effects of tension or of static force, the 
effort made pervades the universe, it may be said, when the 
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bent spring is freed, when the raised weight falls, a cont^erse 
series of motions must be effected, and this theory would lead 
fo a mere reciprocation, which would be equally unproduc- 
tive of permanent change with the annihilation of force. If 
raising the weight has changed the centre of gravity of the 
earth, and tbence of the universe, the fall of the weigJit, it 
win be said, restores the original centre of gravity, and every- 
thing comes back to its original status. In this argument we 
again, in thought, isolate our experiment ; we neglect sur- 
rounding circumstances. Between the time of the raising 
and falling of the weight, be the interval never so small, 
nay, more, during the rising and during tbe fall, the earth 
has been going on revolving round its axis and round the 
sun, fo say nothing of other changes, such as temperature, 
cosmical magnetism, &c., which we may call accidental, but 
which, if wo knew all, would probably be found fo be as 
necessary and as reducible to law as the motion of the earth. 
A change having taken place, the fall of the weight does 
not bring back the slataa pio, but other changes supervelic, 
and so on. Nothing repeats itself, because nothing can 
be placed again in tbe same condition : the past is irre- 
vocable. 
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MOTION — ^which has been taken as the main exponent 
of force in the above examples — is the most obvions) 
the most distinctly conceived of all the affections of matter. 
Visible motion, or relative change of position in space, is a 
phenomeuoa so obvious to simple apprehension, that to at- 
tempt to define it would be to rpnder it more obscure ; but 
with motion, as with all physical appearances, there arc cer- 
tain vanishing gradations or undefined limits, at which the 
obvious mode of action fades away ; to detect the continu- 
ing esnstencu of the phenomena we are obliged to have re- 
course to other than ordinary methods of investigation, and 
wo frequently apply other and different names to the effects 
so recognised. 

Thus sound is motion ; and although in the earlier pe- 
riods of philosophy the identity of sound and motion was not 
traced out, and they were considered distinct affections of 
matter — indeed, at the close of the last century a theory was 
advanced that sound was transmitted by the vibrations of an 
ether — wo now so readily resolve sound into motion, that to 
those who are familiar with acoustics, the phenomena of 
Bonnd immediately present to the mind the idea of motion, 
i, e. motion of ordinary matter. 

Again, with regard to light ; no doubt now exists that 
light -moves or is accompanied by motion. Here the phe- 



;d by Google 



OOKEELATIOK OF PHTSICAL F0ECE8, 

a of motion are not made evident by the ordinary sen- 
suous perception, as for instance the motion of a visibly mov- 
ing projectile would be, but by an inverse deduction from 
known relations of motion to time and space : aa ail observa- 
tion teaches us that bodies in moving from one point in space 
to another occupy time, we conclude that, wherever a con- 
tinuing phenomenon is rendered evident in two different 
points of space at different times, there is motion, though we 
cannot see the progression. A similar deduction convicces 
us of the motion of electricity. 

As we in common parlance speak of sound moving, 
although sound is motion, it requires no great stretch of 
imagination to conceive light and electricity as motions, and 
not as things moving. K one end of a long bar of metal he 
struck, a sound is soon perceptible at the other end. This 
wc now know to be a vibration of the bar ; sound is but a word 
expressive of the mode of motion impressed on the bar ; so 
one end of a column of air or glass subjected to a luminous im- 
pulse gives a perceptible effect of light at the other end : tliis 
can equally be conceived to be a vibration or transmitted 
Tnotion of particles in the transparent column : this question 
btU, however, be further discussed hereafter ; for the present 
we will confine ourselves to motion within the limits to which 
the term is usoaUy restricted. 

With the perceptible phenomena of motion the mental 
conception has been invariably associated to which I have 
before alluded, and to which the term force is given — 
the which conception, when we analyse it, refers us to 
some antecedent motion. If we except the production of 
motion by heat, light, &c., which will be eonfidered in the 
sequel, v^hen we see a body moving we look to motion hav- 
ing been coromunicatcd to it by matter which has previously 
moved. 

Of absolute rest Nature gives us no evidence : all matter, 
as far as we can ascertain, is over in movement, not merely 
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iu masses, as with the planetary spheres, but also mole- 
cularly, or ihroughout its most intimate structure : ttus every 
alteration of temperature produces a molecular change 
throughout ihe whole substance heated or cooled; slow 
chemical or electrical actions, actions of hght or invisible 
radiant forces, are always at play, so that as a fact we can- 
not predicate of any portion of matter that it is absolutely at 
rest. Supposing, however, that motion is not an indispensa- 
ble function of matter, but that matter can be at rest, matter 
at rest would never of itself cease to be at rest ; it would not 
move unless impelled fo such motion by some other moving 
body, or body which has moved. This proposition applies 
not merely to impulsive motion, as when a ball at rest is 
struck by a moving body, or pressed by a spring which has 
previously been moved, but to motion caused by attractions 
such as magnetism or gravitation. Suppose a piece of iron 
at rest iu contact with a magnet at rest ; if it be desired to 
move the iron hy the attraction of Ihe magnet, the magnet or 
the iron must first be moved ; so before a hody falls it must 
first be raised. A body at rest would therefore continue so 
for ever, and a body once in motion would continue so for 
ever, in the same direction and with the same velocity,' un- 
less impeded by some other hody, or affected by some other 
foree than that which originally impelled it. These propo- 
sitions may seem somewhat arbitrary, and it has been doubted 
whether they are necessary truths ; they have for a long lime 
been received as axioms, and there can at aU events be no 
harm in accepting them as postulales. Tl is however very 
generally believed that if Ihe visible or palpable motion of 
one body be arrested by imp&ct on another body, the mo- 
tion ceases, and the force which produced it is annihi- 
lated. 

Now the view which 1 venture to submit is, that force 
cannot be annihilated, but i, merely subdivided or altered in 
direction or character. First, as to direction. Wave your 
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hand ; the motion, ■which has apparently ceased, is taken up 
hy the air, from the air by the walls of the room, &e., and 
BO by direct and reacting waves, continually comminuted, hut 
never destroyed. It is true that, at a certain point, we lose 
all means of detecting the motion, from its minute subdivi- 
sion, which defies our most delicate means of appreciation, 
but we can indefinitely extend our power of detecting it ac- 
cording as TOO confine its direction, or increase the delicacy 
of our examination. Thus, if the band be moved in uncon- 
fined air, the motion of the air would not be sensible to a per- 
son at a few feet distance ; but if a piston of the same extent 
of surface as the hand bo moved with the same rapidity in a 
tube, the blast of air may bo distinctly felt at several yards 
distance. There is no greater absolute amount of motion in 
the air in the second than in the first case, but its direction 
is restrained, so to make the means of detection more facile. 
By carrying on this restraint, as in the air-gun, we get a 
power of detecting the motion, and of moving other bodies at 
lar greater distances. The pufi" of air which would in the 
air-gun project a bullet a quarter of a mile, if allowed to es- 
cape without its direction being restrained, as by the bursting 
of a bladder, would not be perceptible at a yard distance, 
though the same absolute amount of motion be impressed on 
the surrounding air. 

It may, however, be asked, what becomes of force when 
motion is arrested or impeded by the counter-motion of another 
body? This is generally believed to produce rest, or entire 
destruction of motion, and consequent annihilation of force : 
so indeed it may, as regards the motion of the masses, but a 
new force, or new character of force, now ensues, the expo- 
nent of which, instead of visible motion, is heat. I venture 
to regard the heat which results from friction or percussion 
Bs a continuation of the force which was ■previously a 
ted with the moving body, and which, when this impinges 
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another body, ceasing to exist as gross, palpable motion, con 
tinues to exist as heat. 

Thus, let two bodies, A and B, he supposed to move in 
opposite directions (putting for the moment out of question 
all resistance, sueh as that of the air, &c.), if they pass each 
other without contact each will move on for ever ia its re- 
spective direction with the same velocity, hut if they touch 
each other the velocity of the movement of each is reduccil, 
and each hceomes heated : if this contact be slight, or such aa 
to occasion but a slight diminution of their velocity, aa when 
the surfaces of the bodies are oiled, then the heat is slight ; 
but if the contact he such as to occasion a great diminution 
of motion, as in percussion, or as when the surfaces are 
roughened, then the heat is great, so that in all cases the re- 
sulting heat IS proportionate to the diminished velocity. 
Where, instead of resisting and consequently impeding the 
motion of the body A, tJie body B gives way, or itself takes 
up the motion originally communicated to A, then we have 
less heat in proportion to the motion of the body B, for here 
the operation of the force continues in the form of palpable 
motion ; thus the heat resulting from friction in the axle of a 
wheel is lessened by surrounding it by rollers ; these taic up 
the primary motion of the axle, and the less, by this means, 
the initial motion is impeded, the less is the resulting heat. 
Again, if a body move in a fluid, although some heat is pro- 
duced, the heat is apparently trifling, because -the particles of 
the fluid themselves move, and continue the motion originally 
communicated to the moving body : for every portion of mo- 
tion comnaunicated to them this loses an equivalent, and 
where both lose, then an equivalent of heat results. 

As the converse of this proposition, it should follow tiat 
the more rigid the bodies impinging on each other the greater 
should be the amount of heaf developed by friction, and so 
we find it. Flint, steel, hard stones, glass, and metals, are 
those bodies which give the greatest amount of heat fi-om 
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friction or percussion ; wliile water, oil, &c., give little or n< 
heat, and from the ready mobility of tteir particles lessen its 
developement when interposed between rigid moving bodies. 
Tbus, if we oil the axles of wheels, we liaYc more rapid mo- 
tion of the bodies themselves, hut less heat ; if m 



the resistance to motion, as by roughening the points of con- 
tact, 80 that each particle strikes against and impedes the 
motion of others, then we have diminished motion, hut in- 
creased heat ; or if the bodies he smooth, but instead of slid- 
iag past each other he pressed closely together and then 
rubbed, we shall in many cases evolve more heat than by the 
roughened bodies, as we get a greater number of particles in 
contact and a greater resistance to the initial motion. I can- 
not present to my mind any case of heat resulting from fric- 
tion which is not explicable by this view ; friction, according 
to it, is simply impeded motion. The greater the impedi- 
ment, the m.ore force is required to overcome it, and the 
greater is the resulting heat ; this resulting heat being a con- 
tinuation of indestructible force, capable, as we shall pres- 
ently see, of reproducing palpable motion, or motion of defi- 

Whatever be the nature of the bodies, rough or smooth, 
solid or liquid, provided there be the same initial force, and 
the whole motion be ultimately arrested, there should be the 
same amount of heat developed, though where the motion is 
carried on through a great number of points of naatter we do 
not so sensibly perceive the resulting heat from its greater 
dissipation. The friction of fluids produces heat, an eifeet 
first noticed I believe by Mayer. The total heat produced by 
the friction of fluids should, therefore, it wiU be said, be 
equal to that produced by the friction of solids ; for although 
each particle produces little heat, the motion being readily 
taten up by the neighbouring particles, yet by the time the 
whole mass has attained a state of rest there has been the 
same impeding of the initial m.otion as by the friction of sol- 
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ida if produced by the same initial force. If the heat be 
viewed in the aggregate, and allowance bo made for the spe 
cific thermal capacity of the substances employed, it probably 
is the same, though, apparently less ; the lieat in the case of 
solids being manifested at certain defined points, while in 
that of fluids it is dissipated, both the time and space during 
and through which the motion is propagated differ in tho two 
cases, so that the heat in the latter case is more readily car- 
ried off by surrounding bodies. 

If the body be elastic, and by its reaction the motion im- 
pressed on it by the initial force be continued, then the heat 
is proportionately less ; and were a substance perfectly clas- 
tic, and no resistance opposed to it by the air or other mat- 
ter, then the movement once impressed would be perpetual, 
and no heat would result. A ball of caoutchouc bandied 
about for many minutes between a racket and a wall is not 
perceptibly heated, while a leaden bullet projected by a gun 
against a wall is rendered so hot as to be intolerable to the . 
touch : in the former case, the motion of the mass is contin- 
ued by the reaction due to its elasticity ; in the latter, the 
motion of the mass is extinguished, and heat ensues. 

A pendulum started in the exhausted receiver of an air- 
pump continues its oscillation for hours or even days ; tho 
friction at its point of suspension and the resistance of the 
air is minimised, and the heat is imperceptible, but these tri- 
fling resistances in the end arrest the motion of the mass, the 
one giving it out as heat, the other conveying the force to tho 
receiver, and thence to surrounding bodies. Similar reason- 
ing may be applied to the oscUlation of a coiled spring and 
balance wheel. 

To wind up a clock a certtun amount of force is expended 
by the arm ; this force is given back by the descent of the 
weight, the wheels move, the pendulum is kept oseUlating, 
heat is generated at each point of friction, and the surround- 
ing air is set ia motion, a part of which is made obvious lo 
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US Ijy the ticking sound. But it wiH be said, if instead of 
allowing the weight to act upon the madiiueiy, the cord hj 
which it is suspended he cut, the weight drops and the force 
la at an end. By no means, for in this case the house is 
shaken by the concussion, and thus the force and motion are 
continue while in the former case the weight reaches the 
ground quietly, and no evidence of force or motion is mani- 
fested by its impact, the whole having been previously dissi- 

If the tnitml motion, instead of being arrested by the im- 
pact of othei bodies, as in fi-iction or percussion, is impeded 
by confinement or compression, as where the dilatation of a 
gas IS prevented by mechanical means, heat equally results : 
thus if a pi^iton IS used to compress air in a closed vessel, the 
compressed air and, fixim it, the sides of the vessel wUl bo 
heated : the air being unable to take up and carry on the 
original motion communicates molecular motion or expansion 
to all bodies in contact with it ; and, conversely, if we ex- 
pand air by mechanical mution, as by withdrawing the pis- 
ton, cold is produced. So when a solid has its particles com- 
pressed or brought nearer together, as when a bar of iron is 
hammered, heat is produced beyond that which is due to per- 
cussion alone. In this latter case we cannot very easily ef- 
fect the converse result, or produce cold by the mechanical 
dilatation of a solid, though the phenomena of solution, 
where the particles of a solid are detached from each other, 
or drawn more widely asunder, give ua an approximation to 
it : in the case of solution cold is produced. 

"We are from a very extensive range of observation and 
experiment entitled to conclude that, with some curious ex- 
ceptions to be presently noticed, whenever a body is com- 
pressed or brought into smaller dimensions it is heated, i. e. 
it expands neighbouring substances. Whenever it is dilated 
or increased in volume it is cooled, or contracts neighbouring 
substances. 
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Mr. Joule has made a great number of experimeata for 
tlie purpose of ascertaining what quantity of heat is produced 
by a given mechanical action. His mode of experimenting 
is as follows. An apparatus formed of floats or paddles of 
brass or iron is niado to rotate in a bath of water or mercu- 
ry. The power which gives rise to this rotation is a weight 
raised like a clock-weight to a certain height ; tiis by acting 
during its fall on a spindle and pulley communicates motion 
to the paddle-wheel, the wat«r or mercury serving as a fric- 
tion medium and calorimeter ; aud the heat is measured by a 
delicato mercurial thermometer. The results of his experi- 
ments he considers prove that a fall of 772 lbs. through a 
space of one foot is able to rajso the temperature of one 
pound of water through one degree of Fahrenheit's thermom- 
eter. Mr. Joule's experiments are of extreme delicacy — he 
tabulates to the thousandth part of a degree of Fahrenheit, 
and a large number of his thcrmometric data are compre- 
hended witliin the limits of a single degree. Other experi- 
menters have given very different num,erical results, but tho 
general opinion seems to he that the numbers given by Mr. 
Joule are the nearest approximation to the truth yet obtained. 

Hitherto I have taken no distinction as to the physical 
character of the bodies impinging on each other ; but Nature 
gives us a remarkable difference in the character or laodo of 
the force eliminated by friction, accordingly as the bodies 
which impinge are homogeneous or heterogeneous ; if tlie 
former, heat alono is produced ; if tho latter, electricity. 

Wa find, indeed, instances given by authors, of electricity 
resulting from the friction of homogeneous hodies ; but, as I 
slated in niy original Ijoctures, I have not found such facta 
confirmed by my own experiments, and tliis conclusion has 
been corroborated by some experiments of Professor Erman, 
communicated to the meeting of the British Association in 
the year 1845, in which ho found that no electricity resulted 
from the friction of perfectly homogeneous substances ; as, 
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for instance, tie ends of a broken bar. Sueli experimonti as 
these will, indeed, be seldom free from sKght electrical cnr- 
rents, on account of the practical difBculty of fulfilling the 
condition of perfect homogeneity in the substances themselves, 
their size, their temperature, &c. ; but the effects produced 
are very trifling and vary in direction, and the resultant effect 
ia nought. Indeed, it -would be difficult to conceive the con- 
trary. How could Tve possibly image to the mind or de- 
scribe the direction of a current from the same body to the 
same body, or give instructions for a repetition of the exper- 
iment? It would be unintelligible to say that in rubbing to 
and fro two pieces of bismuth, iron, or glass, a current of 
electricity circulated from, bismuth to bismuth, or from iron 
to iron, or from glass to glass ; for the question immediately 
occurs — from which bismuth to which does it circulate? 
And should this question be answered by calling one piece 
A, and the other B, tliis would only apply to the particular 
specimens employed, the distinctive appellation denoting a 
distinction in fact, as otherwise A could bo substituted for B, 
ond the bar to which the positive electricity flowed would in 
turn become the bar to which the negative electricity flowed. 
We may say that it circulates from rough glass to smooth, 
from cast iron to wrought, for here there ia not homogeneity. 
It is moreover conceivable, that when the motion is contin- 
uous in a definite diroctjoa, electricity may result from the 
friction of homogeneous bodies. If A and B rub against 
each other, revolving in opposite directions, concentric cur- 
reata of positive and negative electricity may be i 
circulating within the metals, and be described by r 
to the direction of their motion ; this indeed would be a dif- 
ferent phenomenon from those wc Lave boon considering ; but 
without some distinction between the two substances in qual- 
ity or direction, the electrical effects are indescribable, if not 
inconceivable. 

When, however, homogeneous bodies are fractured oi 
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evcE rubbed together, phenomena arc observed to which the 
term electricity is applied ; a flash or line of hght appears al 
the point of friction ■which by some is caUed electrical, hy 
others phosphorescent. 

I have myself observed aremarkable ease of the kind in 
the caoutchouc fabric now commonly used for waterproof 
dofliing : if two folds of this substance he allowed to cohere 
so as partly to unite and present a difficulty of separation, 
then, on stripping the one frem the other, or tearing them 
asunder, a line of hght will follow the line of separation. 

If this class of phenomena be electrical, it is electricity 
determined as it is generated ; there is no dual character im- 
pressed on the matter acting, the flash ia electrical as a spark 
from the percussion of flint is electrical, or as the alow com- 
bustion of phosphorus, or any other case of the development 
of heat and ligjbt. It seems to be better to class thjs phe- 
nomenon under the categories of heat and light than under 
that of electricity, the latter word beinn; retained for those 
cases where a dual or polar character of force is manifested. 
In experiments which have been made by the friction of sim- 
ilar substances where the one appears positively and the 
>lher negatively electrical, there will bo found some difier- 
ence in the mode of rubbing by which the molecular state of 
(he bodies is in all probabihty changed, making one a dissim- 
ilar substance from the other ; thus it is said by Bergmann, 
thafwhcn two pieces of glass arc rubbed so that all the parts 
of one pass over one part of the other, the former ia positive 
and the latter negative. It ia obvious that in this case the 
rubbing in one is confined to a lino, and that must be more 
altered in molecular structure at the lino of friction than the 
one where the friction is spread over the whole . surface : so 
if a ribbon be drawn transversely over another ribbon, the 
substances are not, qua the rubbing action, identical ; so 
Bgain, in the rupture of crystals, we are dealing with sab- 
stances having a polar arrangement of particles — ^the surfaeeg 
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of tlie fragments cannof be assumed to be molccularly identi- 
cal. 

The developemont of electricity by the common electrical 
maehino arises, as far as I can understand it, from the sepa- 
ration or rupture of contiguity between dissimilar bodies ; a 
mctaUio surface, the amalgam of the cushion, is in contact 
with glass ; these two bodies act upon eacb other by the force 
of cohesion ; and when, by an external mechanical force, 
this is ruptured, as it is at each moment of the moiioa of the 
glass plate or cylinder, electricity is dcYcloped in each ; were 
they similar bodies, heat only would be developed, 

According to the experiments of Mr. Sullivan electricity 
may he produced by vibration alone if the substance vibra- 
ting be composed cither of dissimilar metals, as a wire partly 
of iron and partly of brass caused to emit a musical sound ; 
or of the same mcfal, if its parts be not homogeneous, as a 
piece of iron, one portion of which is hard and crystallised 
and the other soft and fibrous ; tiie current resulting appears 
to be due to the vibration, and not to heat engendered, as it 
ceases immediately with the Tibrafion. 

We may say, then, that in our present state of knowledge, 
where the mutually impinging bodies are homogeneous, heat 
and not electricity is the result of friction and percussion ; 
where the bodies impinging are heterogeneous, we may safely 
state that electricity is always produced by friction or percu-s- 
sion, although heat in a greater or less degree accomptnie'! 
it ; but when we come to the question of ratio in which tnt 
tional electricity is produced, as determined by the diflerent 
characters of tlio substances employed, we find very complex 
results. Bodies may differ in so many particulars which in- 
fluence more or less the developemont of electricity, such as 
their chemical constitution, the state of their surfaces, their 
Btate of aggregation, their transparency or opacity, their 
power of conducting electricity, &c., that the normce of their 
action are very difiicult of . attainment. As a general rule, it 
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mu/ be said ttat tlic developemeiit of eleftritity is yroater 
when the substances employed arc broadly distinct in their 
physical and chemical qualities, anil more particularly in their 
conducting powers ; hut np to the present time the lawa gov- 
erning such devolopement Lave not been even approximately 



I have said, in reference to the various forces or affections 
of matter, that either of them may, mediately or immediafdy, 
produce the others ; and this is all I can venture to predicate 
of them in tho present state of science ; but after much con- 
sideration I incline strongly to the opinion that science is rap- 
idly progressing towards the establishment of immediate or 
direct relations between all tliese forces. Where at present 
no immediate relation is established between any of them, 
electricity generally forms tho intervening link or middle 
torm. 

Motion, then, will directly produce heat and eUdricUij, 
and electricity, being produced by it, will produce magnetism 
— ^a force whii h is a\w aya developed by electrical currents at 
right angles to tho daiection of those currents, as ivill bo sub- 
sequently more fully explamed Liglit also is readily pro- 
duced by motion, either directly, as when accompanying the 
heat of frittion, or mediately, by electricity resulting irora 
motion ; as m the electrical "park, which has most of the at- 
tributes of solar light, difieimg from it only in those respects 
in which hght differs when emanating from different sources 
or seen through different media ; for initance, in the position 
of the fixed lines in the spectrum or in the ratios of the spaces 
occupied by rays of different refrangibility. In the decom- 
positions and compositions which the terminal points proceed- 
ing from the conductors of an electrical machine develope 
when immersed in different chemical media, we got the pro- 
duction of chemical aginity by electricity, of which motion is 
tiie initial source, lastly, -motion looy be again reproduced 
by tlie forces which have emanated from motion ; thus, the 
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divergence of tLe electrometer, the revolution of the electri" 
cal wiieel, the deflection of the magnetic needle, are, when 
resnlting from frietional electricity, palpable movements re- 
produced by the intermediate modes of force, Tvhich have 
themselves he en originated by motion. 
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III.— HEAT. 

IF we now take Heat as our Btarting point, we stall find 
that the other modes of force may be readily produced by 
it. To take motion first : this is so generally, I think I may 
Bay invariably, the inunediate effect of heat, that we may almost, 
if not entirely, resolve heat into motion, and view it as a 
mechanically repulsive force, a force antagonist to attracfion 
of cohesion or aggregation, and tending to move the particles 
of all bodies, or to separate them from each other. 

It may be well here to premise, that in using the terms 
' particles ' or ' molecules,' which will be frequently employed 
in this Essay, I do not use them in the sense of the atomist, 
or mean to assert that matter consists of indivisible particles 
or atoms. The words will be used for the necessary purpose 
of contradistinguishing the aotlon of the indefinitely minute phy- 
sical elements of matter from that of masses having a sensi- 
ble magnitude, much in tJie same way as the term ' lines ' or 
' points ' may he used, and with advantage in an abstract 
sense ; thougb there does not exist, in faet, a thing which has 
length and breadth without thickness, and though a thing with- 
out parts or dimensions is nothing. 

If we put aside the sensation which heat produces in our 
own bodies, and regard heat simply as to its effects upon in- 
organic matter, we find tbat, with a very few exceptions, wliichi 
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Bliall presently notice, the effects of wliat is called heat ara 
simply an expansion of tlie matter acted upon, and that the 
matter so expanded has the power by ite own contraction of 
communicating expansion to all bodies in contiguity with it. 
Thus, if the body be a solid, for instance, iron, a liquid, sjiy 
water, or a gas, say atmospheric air — each of these, when 
heated, is expanded in every direction ; in the two former 
cases, by increasing the heat to a certain point, we change 
the physical character of the substance, the sohd becomes a 
liquid, and the liquid becomes a gas ; these, however, are 
still expansions, particularly the latter, when, at a certain 
period, the espansion becomes rapidly and indefinitely greater. 
But what is, in fact, commonly done in order to heat a sub- 
stance, or to increase the heat of a substance ? it is merely 
approximated to some other heated, that is, to some other 
expanded substance, which latter is cooled or contracted aa 
the former expands. Ivet us now divest the mind of the impres- 
sion that heat is in itself anything substantive, and suppose 
that these phenomena are regarded for the first lime, and 
without any preconceived notions on the subject ; let ua in- 
troduce no hypothesis, but merely express as simply aa we 
can the facts of which we have become cognisant ; to what 
do they amount? to this, that matter has pertaining to it a 
molecular repulsive power, a power of dilatation, which ii 
communicable by contiguity or proximity. 

Heat thus viewed, is motion, and this molecular motion 
we may readily change into the motion of masses, or motion 
in its most ordinary and palpable form : for example, in the 
steam engine, the piston and all its concomitant maases of 
matter are moved by the molecular dilatation of the vapour of 

To produce continuous motion there must be an alternate 
action of heat and cold ; a given portion of air, for instance, 
heated beyond the temperatua'c of the circumambient air, is 
expanded. If now it be made to act on a movable piston, it 
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moves tliis to a point at wliich the tension or elsistic force of 
tie confined air equals tliat of the surrounding air. If the 
confined air be kept at this point, the piston wonld remain 
stationary ; but if it be cooled, the external air exercising 
then a greater relative degree of pressure, the piston returns 
towards its original position ■ jw^t as it will he ':coQ,when we 
come to the magnetic force, thit a magnet placed in a partic- 
ular position produces motion m iion neir it, but to make 
this motion continuous, or to obtain in available mechauieal 
power, the magnet must be demignetisi-d, or a =itible equili- 
brium is obtained. 

In the case of the piston moved by heated air the motion 
of the mass becomes tiie exponent of the amount of heat — 
i, c. of the expansion or separation of the molecules ; nor do 
we, by any of our ordinary methods, test heat in any other 
way than by its purely dynamical action. The various roodi- 
flcations of the thermometer and pyrometer are all measur- 
ers of heat by motion : in these instrnments liquid or solid 
bodies are expanded and elongated, i, e. moved in a definite 
direction, and, either by their own visible motion, or by the 
motion of an attached index, communicate to our senses the 
amount of the force by which they moved. There are, in- 
deed, some delicate experiments which tend to . prove that a 
repnlsive action between separate masses is produced by heat. 
Fresnel found that mobile bodies heated in an exhausted re- 
ceiver repelled each other to sensible distances ; and IJaden 
Powell found that the coloured rings usually called Kewton's 
rings change their breadth and position, when the glasses be- 
tween which they appear are heated, in a manner which 
Bhowed that the glasses repelled each other. M. Faye's the- 
ory of comets is based on some such repellent force. There 
is, however, some difficulty in presenting these phenomena to 
the mind in the same aspect as the molecular repulsive action 
of heat. 

The phenomena of what is termed latent heat have been 
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generally considered as stiaogly in favour of that view wliici 
regards heat either as actual matter, or, at all events, as a 
subslantive entity, and not a motion or affection of ordinary 
matter. 

The hypothesis of latent matter is, I venture with diifi- 
dence to think, a dangerona one — it is something like the old 
principle of Phlogiston, it is not tangible, visible, audible ; 
it ia, in fact, a mere subtle mental conception, and ought, I 
submit, only to be received on the ground of absolute neces- 
Bity, the more so as these subtleties are apt to be carried on 
to other natural phenomena, and so they add to the hypothe- 
tical scaffolding ■which ia seldom reijuisife, and should be 
sparingly used, even in the early stages of discovery. As an 
instance, I think a striking one, of the injurious effects of 
this, I will mention the analogous doctrine of ' invisible light ; ' 
and I do this, meaning no disrespect to its distinguished au- 
thor, any more than in discussing the doctrine of latent heat, 
I can be supposed, in the slightest degree, to aim at detract- 
ing from the merits of the illustrious investigators of the fact.3 
which that doctrine seeks to explain. Is not ' invisible light,' 
a contradiction in terms ? has not light ever been regarded as 
that agent which affects our visual organs ? Invisible light, 
then, is darkness, and if it exist, then ia dartaess light. I 
know it may be said, that one eye can detect light where 
another cannot ; that a cat may see where a man cannot ; that 
an insect may see where a cat cannot ; but then it is not 
invisible light to those who see it : the light, or rather the 
object seen by the cat, may be invisible to the man, but it 
is visible to the cat, and, therefore, cannot abstractedly be 
said to be invisible. K we go further, and find an agent 
which affects certain substances similarly to light, but does 
not, as far as we are aware, affect the visual organs of any 
animal, then ia it not an erroneous nomenclature which calla 
such an agent light? There are many cases in which a de- 
viation from the once accepted meaning of words has so grad- 
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nally entered into coiomoii usage as lo be unavoidable, but I 
venture to tbink that additiona to such cases sbould as far 
as possible be avoided, as injurious to that precision of lan- 
guage which is one of the safest guards to knowledge, acid 
trova. the abst,nco of which physical science has materially 
suffered. 

Let us now shortly ei.aminc the qucition of latent heat, 
and see whether the phenomena cannot be as well, if not 
more satisfactorily, explained without the hypothesis of la- 
tent matter, an idea presenting mauy similar difBcuIties to 
that of invisible light, thoua;b more sanctioned by tisage. 
Latent heat is supposed to be the matter of heat, associated, 
in a masked or dormant state, with ordinary matter, not ca- 
pable of being dete;Cted by any test so long asthomattcrwith 
which it is aseoeiated remains in the same physical state, but 
communicated to or absorbed from other bodies, when the 
matter with which it is associated changes its state. To 
take a common example : a pound or given weight of water 
at 172°, mixed with an equal weight of water at 32°, will 
acquire a mean temperature, or 103° ; while water at 172°, 
mixed with an equal weight of See at 32°, wiU be reduced to 
33°. By the theory of latent heat tiiis phenomenon is thus 
explained ; — In the first case, that of the mixture of water 
with water, both the bodies being in the same physical state, 
no latent heat is rendered sensible, or sensible heat latent ; 
but in the second, the ice changing its condition from the solid 
lo the liquid state abstracts from the liquid as much heat as 
it requires to maintain it in the liquid state, which it renders 
latent, or retains associated with itself, so long as it remains 
liquid, but of which heat no evidence can bo afforded by aay 
thermoscopic test. 

I believe this and similar phenomena, where heat is con- 
nected with a change of state, maybe explained and dis- 
tinctly comprehended without recourse to the conception of 
latent heat, (hough it requires some effort of the mind to di- 
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vest itself of this idea, and fo view llie pheaoraena. simply in 
their dynamical relations. To assist us ia so riewing them, 
let US first parallel witli purely mechanical Mtiona, ceriain 
simple effects of heat, where change of state (I mean such 
change as from the solid to the liquid, or liquid to the gase- 
ous state) is not concerned. Thus, place within a receiver a 
bladder, aad heat the air withia to a higher temperature 
thaa that without it, the bladder espaads ; so, force the air 
mechaaically into it by the air-pump, the bladder expaads ; 
cool the air oa the outside, or remove its pressure mechaai- 
cally by an exhausting pump, the bladder also expands ; coa- 
versely, iacrease the external repellent force, either by heat 
or mechanical pressure, and the bladder contracts. In the 
mechanical effects, the force which produced the distension 
is derived from, aad at the expense of, the mechanical power 
employed, as from muscular force, from gravitation, from the 
reacting elasticity of springs, or any similar force by which 
the air-pump may be worked. In the heating effects, the 
force is derived from the chemical action in the lamp or 
source of heat employed. 

Lot us next consider the experiment so arranged that the 
force, which produces expansion ia the one case, produces a 
correlative contraction in the other : thus, if two bladders, 
with a connecting neck between them, be half-filled with air, 
as the one is made to contract by pressure the other will di- 
late, and vice vers^ ; so a bladder partly filled with cold air, 
and contained within another filled with hot air, expands, 
while the space between the bladders contracts, exhibiting a 
mere transfer of the same amouat of repulsive force, the 
mobility of the pai-ticles, or their mutual attraction, beiag 
the same in each body ; in other words, the repulsive force 
acts in the direction of least resistance until equilibriimi ia 
produced ; it then becomes a static or balanced, instead of a 
dynamic or motive force. 

Let us now consider the case where a solid ia lo bo 
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changed to a liquid, or a liquid to a gas ; liere a mucli great* 
er amount of heat or repulsive force ia required, on account 
of the cohesion of tho particles to be separated. In order to 
separate the particles of the solid, precisely as much force 
mast be parted with bj the warmer liquid body as keeps an 
equal quantity of it in its liquid state ; it is, indeed, only with 
a, more striking line of demarcation, tho case of the hot and 
cold bladder — a part of the repellent power of the hot parti- 
cles is transferred to the cold particles, and separates them in 
their turn, but the antagonist force of cohesion or aggregation 
necessary to be overcome, being ia this case much stronger, 
requires and esliausfa an exactly proportionate amount of 
repellent force mechanically to overcome it ; hence the differ- 
ent effect on a body such as the common thermometer, tho 
expanding liquid of which docs not undergo a similar change 
of state. Thus, in the example above given, of the mixture 
of cold with hot water, the hot and cold water, and the 
mercury of the thermometer being all in a liquid state before, 
and remaining so after contact, the resulting temperature is 
an exact mean ; the hot water contracts to a certain extent, 
tho cold water expands to the same extent, and the ther- 
mometer either sinks or rises the same number of degrees, 
accordingly as it had been previously immersed in the cold 
or in the hot solution, its mercury gaining or losing an equiva- 
lent of repellent force. In the second instance, viz, the mix- 
ture of ice with hot water, tho substaaeo wo use as an indi- 
cator, i. e. mercury, does hot undergo the same pliysical 
change as those whose relations of volume we are examining. 
The force — viewing heat simply as mechanical force — wiiicli 
is employed in loosening or tearing asunder tho particles of 
the solid ice, is abstracted from the liquid water, and from 
the liquid mercury of the thermometer, and in proportion as 
this force meets with a greater resistance in separating 
tho particles ■ of a solid than of a liquid, so the bodies 
which yield the force suffer proportionately a greater con- 
traction. 
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If we compare the action of lieat on tte two substances, 
wafer and mercury, aloue, and throw ont of our consideration 
tho ice, we shall be able to apply the same view : thus, if a 
given source of heat be applied to water containing a mercu- 
rial thermometer, both the water and mercury gradually ex- 
pand, but in different degrees ; at a certain point tho attrac- 
tive force of the molecules of the water ia so far overcome 
that the water becomes vapour. At this point, the heat or 
force, meeting with much leas resistance from the attraction 
of the particlea of steam than from those of the mercury, ex- 
pends itself upon the former ; the mercury docs not fiirther 
expand, or expands in an iafinitesimally small degree, and 
the steam expands greatly. As sooa as this arrives at a 
point where circumambient pressure causes its resistance to 
further espansion to be equal to the resistance to expansion 
in the mercury of the thermometer, the latter again rises, 
and so both go on espanding in an inverse ratio to their 
molecular attractive force. If the circumambient pressure be 
increased, as by confining the water at the commencement 
of the experiment within a less expansible body than itself, 
such as a mctalhc chamber, then the mercury of the ther- 
mometer continues to rise ; and if the experiment were con- 
tinued, tho water being confined and not the mercury, until 
we have arrived at a degree of repulsive force which is able 
to overcome the cohesive power of the mercury, so that this 
expands into vapour, then we get the converse effect; the 
force expends itself upon the mercury, which expands in- 
definitely, as the water did in the first case, and the water 
does not expand at all. 

Another very usual mode of regarding the subject may 
ombarras at first sight, but a little consideration will show 
that it is explicable by the same doctrine. Water which has 
ico floating in it will give, when measured by the thermo- 
meter, the same temperature as the ice ; i. e. both tho water 
and ice contract the mercury of the thermometer to the point 



;d by Google 



HEAT, 47 

conventionally marked as 32°. It may be said, Low is tliis 
reconcile able with the dynamical doctrine, for, according to 
that, the solid ahould take from the mercnry of the ther- 
mometer more repulsive power than the liqaid ; conse- 
quently, the ice should contract the mercury more than the 
wafer? 

My answer is, that in the proposition as thus staled, the 
qnantities of the water, ice, aad mercury are not taken into 
consideration, and hence a necessary dynamical element ia 
neglected : if the element of quantity be included, this objec- 
tion will not apply. Let the thermometer, for instance, con- 
tain 13 oz, of mercury, and staad at 100° ; if placed in con- 
tact with an unlimited quantity of ice at S2°, the mercury 
win sink to 32°. If the same thermometer be immersed in 
an unlimited quantity of water at 32°, the mercuiy sinks also 
to 32° ; not absolutely, perhaps, because, however great the 
quantity of water or ice, it will be somewhat raised in tem- 
perature by the warmer mercury. This elevation of tempera- 
ture above 32° wiU be smaller in proportion as the quantity 
of water or ice is larger than the quantity of mercury ; and, 
as we know of no intermediate state between ice and water, 
the contact of a thermometer at a temperature above the 
freezing point with any quantity of ice exactly at the freezing 
point would, theoretically speaking, liquefy the whole, pro- 
vided it had sufficient time ; for as every portion of that ice 
would in time have its temperature raised by the contact of 
the warmer body, and as any elevation of temperature above 
the freezing point liquefies ice, every portion should be lique- 
fied. -Practically speaking, however, in both cases, that of 
the water and of the ice, when the quantity is indefinitely 
great the thermometer falls to 32°„ 

Now place the same thermometer at 100°, successively 
in one oz. of water at 32°, and in one of ice at 32° ; we shall 
find in the former case it will be lowered only to 54°, and in 
the latter to 32° ; apply to this the doctrine of repulsive force, 
and we get a satisfactorv explanation. 
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In the first case, the qnaatities botli of ice and water h» 
ing indefinitely great in respect to the mercury, each reduces 
it to its own temperature, viz. 32°, and the ice cannot reduce 
the mercury below 33°, because it would receive back repul- 
sive power from the newly formed water, and this would be- 
come ice ; in the second case, where the quantities are limited, 
the mercury docs lose m,ore repulsive power by the ice than by 
the water, and tlie observations made in reference to the first 
illustration apply. 

The above doctrine is beautifully instanced in the cspori- 
ment of Thilorier, by which carbonic acid is solidified. Car- 
bonic acid gas, retained in a strong vessel under great pres- 
sure, is allowed to escape from a small orifice ; the sudden 
espanpion requirt-s so great a supply of force, that in furnish- 
ing the demands of the expanding gas certain other portions 
of the gas contract to such an extent as to solidify : thus, we 
have reciprocal expansion and coatraction going on in one 
and the same substance, the time being too limited for the 
whole to assume a uniform temperature, or in other words, a 
uniform extent of expansion. 

It has been observed with reference to heat thus viewed, 
that it. would bo as correct to say, that heat is absorbed, or 
cold produced by motion, as that heat is produced by it. This 
difliculty ceases when the mind has been accustomed to re- 
gard heat and cold as themselves, motion ; i. e. as correlative 
expansions and contractions, each being evidenced by relation, 
■ and being inconceivable as an abstraction. 

For instance, if the piston of an air-pump be drawn down 
by a weight, eold is produced in the receiver. It may be here 
said that a mechanical force, and the motion consequent upon 
it, produces cold ; but heat is produced on the opposite side 
of the piston, if a receiver be adapted so as to retain the com- 
pressed air. Assimiing them to equivalise ecch other, the 
force of the fallicg weight would be expressed by Ihe heat of 
friction of the piston against its tube, and by the tension or 
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power of reaction of llie compressed against tlie dilated air. 
If the heat due to compression be made to perform mechani- 
cal work, it would pro tonto he consumed, and could not 
restore t)ie temperature to the dilated air ; but if it perform 
no wort, no heat is lost. Mr. Joule has experiraentalij' 
proved this proposition. 

In commencing tlie subject of heat, I asked my reader to 
put out of consideration the sensations ■which heat produces 
in our own bodies ; I did this because these sensations are 
likely to deceive, and have deceived many as to the nature of 
heat. These sensations are themselves occasioned by simi- 
lar expansions to those which we have been considering ; the 
liquids of the body are expanded, i. e. rendered loss viscid by 
heat, and from their more ready flow, we obtain the sensation 
of agreeable warmth. By a greater degree of heat, their ex- 
pansion becomes too great, giving rise to a sense of pain, and, 
if pushed to extremity, as with the heat whicli produces a 
burn, tlie liijuids of the body are dissipated in vapour, and an 
injury or destruction of tlie organic structure takes place. A 
similar tbougK .convoTso effect may be produced by intense 
cold ; the application of frozen mercury to the animal body 
produces a burn similar to that produced by great heat, and 
accompanied with a similar sensation. 

Doubtless other actions than those above mentioned inter- 
fere in producing the sensations of heat and cold ; but I think 
it will be seen tliat these will not affect the arguments as to 
the nature of heat. The phenomenal effects will be foul d 
unaltered : beat will etiU be found to be expansion, cold to he 
contraction ; and the expansion and contraction are, as with 
the two bladders of air, correlative — i. c. we cannot expand 
one body, a, without contracting some other hody, e ; wo 
cannot contract A without expanding b, assuming that we view 
the bodies with relation to heat alone, and suppose no other 
force fo be manifested. 

I have said that there are ibw exceptions as to iicat being 
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always manifeated by an expansion of matter. One class of 
these oxcepfiona is only apparent : moist clay, animal or 
vegetable fibre, and otbcr substances of a mixed nature, 
■which contain matter of different characters, some of which ia 
more and some less volatile, i. e. expansible, are contracted 
on the application of heat ; this arises fiwm the more volatile 
matter being dissipated in the form of vapour or gas ; and the 
interstices of the less volatile being thus emptied, the latter 
contracts by its own cohesive attraction, giving thus a prima 
facie appearance of contraction by heat. The pyrometer of 
Wedgwood is explicable on this principle. 

The second class of exceptions, though much more limited 
in extent, is less easily explained. Water, fused bismuth, 
and probably some other substances (though the fact as to 
them is not clearly established), expand as they approach 
very near to the freezing or soKdifying point. The most 
probable explanation of these exceptions is, that at the point 
of maximum density the molecules of these bodies assume a 
polar or crystalline condition ; that by the particles being 
thus arranged in linear directions like chevaus de friae, 
interstitial spaces are left, containing matter of less den- 
sity, so that the specific density of the Avhole mass is dimin' 

Some recent experiments of Dr. TyndaU on the physical 
properties of ice seem to favour this view. When a sun- 
beam, concentrated by a lens, is allowed to fall on a piece 
of apparently homogeneous ice the path of the rays is in- 
stantly studded with numerous luminous spots like minute air 
bubbles, and the planes of freezing are made manifest by 
these and by small fissures. Stars or flower-like figures of 
six petals appear parallel to the planes of freezing, and seem- 
ingly spreading out from a central bubble. These flowers 
Bra formed of water. When the ice is melted in warm watCT 
no air is given off" from the bubbles, so they seem to be va^ 
enous ; it is, however, possible that extremely minute parti* 
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cles of air Eufficient to form foci for the melting points of ice 
might be dissolved by tho water as soon aa they came in con- 
tact with it. Be thia aa it may, the existence of these points 
throughout the ioe, where it gives way to the heat of the solar 
beam, if it does not prove actual vacuous or aeriform spaces 
to exist ia ice, proves that it is not homogeneous, that its 
structure is probably definitely crystalline, and that the 
matter composing it is in different degrees of aggregation, ao 
that its mean specific gravity might well be less than that of 
water. 

We cannot examine piecenieal the ultimate structure of 
matter, but in addition to the fact that the bodies which 
evince tils peculiarity ore bodies which, when solidified, ex- 
hibit a very marked crystalline character, there are experi- 
ments which show that water between the point of maximum 
density and ita point of 8olidi£eatioa polarises light circularly ; 
showing, if these experiments be correct, a structural altera- 
tion in water, and one analogous to that possessed by certain 
crystalline solids, and to that possessed by water itself, where 
it is forcibly made to assume a polarised condition by the in- 
fluence of magnetism. 

The accuracy of these results has, however, been doubted, 
and the experiments have not succeeded when repeated by 
very experienced hands. Whether this be so or not, and 
wheflier the above explanation of the exception to the other- 
wise invariable effect of expansion by heat be or be not re- 
garded as admissible, must be left to tho judgment of each 
individual who thinks upon the subject ; at all events, no 
theory of heat yet proposed removes the difSculty, and there- 
fore it equally opposes every other view of the phenom- 
ena of heat, aa it does that which I have here coneid- 
ered, and which regards heat as commnnicable expansive 
force. 

As certain bodies expand in freezing, and indeed, under 
Home circnmstanccs, ocfore they arrive at the temperature at 
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which they 9oh(!ify, we get the apparent anomaly that tlie 
mnlioa or mechanical for«^ generated by hoat or change of 
temperature is rever&ed in direction when we arrive at the 
point of change from the solid to (he liquid state. Thus a 
piece of ice at the temperature of Zero, Fahrenheit, would 
expand by heat, and produce a mechanical force by Huch ex- 
pansion until it arrives at S3' ; but then by an increment of 
heat it contracts, and if the first expansion had moved a pis- 
ton npivards, the subsequent contraction would bring it back 
to a certain extent, or move it dowmvarda, an apparent nega- 
tion of the force of heat. 

Again with water above 40", i. e, above itapoint of 
maximum density, a progressive increment of cold or decre- 
ment of heat would produce contraction to a certain point, 
and then expansion or a meohanical force in an opposite direc- 
tion. Thns not only heat or the expansive force given to 
other bodies by a body cooling would be given out by water 
freezing, but also the force due to the converse expansion in the 
body itself, and force would thus seem to be got out of noth- 
ing : but if water in a confined space be gradually cooled, the 
expansion attendant on ila cooling as it approaches the freez- 
ing point would occasion pressure amongst its particles, and 
thence tend to antagonise the force of dilatation produced in 
them by cooling, or to resist their tendency to freeze ; or in 
other words, the pressure would tend to liquefaction, and con- 
versely to the usual effect of pressure, produce cold instead 
of heat, and thus ncatralise some of the heat yielded by the 
cooling body. Hence we find that it requires a lower tem- 
perature to freeze water under pressure than when exempt 
irom it, or that the freezing point is lowered as tie pressure 
increases for bodies which expand in freezing — an efiect first 
predicted by Mr. J. Thompson, and experimentally verified 
by Mr. "W. Thompson ; while as shown by M. BiLusen, the 
converse cflect fakes place with bodies which contract in 
freezing. Here the pressure cooperates with the efiects of 
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cold, both tending to approsimate the particles, and sach sub- 
stanceB sohdify at a higher lemperature in proportion as lie 
pressure is greater; so tliat wc might expect a body of thia 
class, which under the ordinary presauro of the air is at a 
temperature just above its freezing point, to solidify by 
being submitted to pressure alone, the temperature being 
kept constant. 

A similar class of exception to the general eflect of 
heat in expanding bodies is presented iiy Ttdcanised caout- 
chouc. This has been obserYcd by Mr. Gough, and, in- 
deed, was pointed out to me many years ago by Mr. 
Brockedon to be heated when stretched, and cooled when 
nnstretehed. 

Mr. Joule finda that its specific gravity is lower when 
stretched tlian when unstretched, and that when heated 
in its stretched state it shortens, presenting in this par- 
ticutar condition a similar series of converse relations to 
those which are presented by water near or at its freezing 

"With the exception of this class of phenomena, which 
offer difficulties lo any theory which has been proposed, the 
general phenomena of heat may, I believe, be explained upon 
a purely dynamical view, and more satisfactorily than by 
haying recoario to the hypothesia of latent matter. Many, 
however, of the phenomena of heat are involved in much 
mystery, particularly those connected with epeciiic heat or 
that relative pnportion of heat which equal weights of differ- 
ent bodies requm, to raise them from a given temperature to 
another gi^cn lemperiture, which appear to depend in some 
way hitherto incsphi able upon the molecular constitution of 
different lodiLS 

The view ol heat which I ha\e taken, yjz. to regard it 
simply as a communicable molecular reptd'fuc force, is sup- 
ported by miny of the phenomena to which the tcim specific 
or relati^ e heat i^ ipphed ; for example, bodies as ihey in- 
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crease in temperature iacrcRse in specific teat. The ratio 
of this increase in specific heat is greater with solids than 
with liquids, although the latter are more dUatahle ; an 
effect probably depending upon the commencement of fusion. 
Again, those metals whose rate of expansion iaereases most 
rapidly ■whei they are heated, increase moat in specific heat; 
and their specific heat is reduced by percussion, ■which, by 
approximating their particles, makes them specifically more 
dense. "When, however, we examine substances of very 
different physical characters, we find that their speciiie heats 
hare no relation to their density or rate of expansion by 
heat ; their differences of specific heat must depend upon 
their intimate molecular constitution in a manner accounted 
for (as far as I am aware) by no theory of heat hitherto 
proposed. 

In the greater number, probably in all solids and liquids, 
the expansion by heat is relatively greater as the temperature 
is higher ; or, preserving the view of expansion and contra*^ 
tion, if two equal portions of the same substance he juxta- 
posed at different temperatures, the hotter portion wiU con- 
tract a little more than the colder will expand ; from this 
fact, viz. that the coefficient of expansion increases m a given 
body with the temperature, and from other considerations, 
Dr. "Wood has argued, with much apparent reason, that the 
nearer the particles of bodies are to each other the Lss they 
require to move to produce a given expansion or contraction 
in those of another body. His mode of reasonmg, if I rightly 
conceive it, may be concisely put as follows : — 

As bodies contract by cold, it is clear that, in a given 
body, the lower the temperature the nearer are the particles ; 
and,- as the coefficient of expansion increases with the tem- 
perature, the lower the temperature of the substance be, the 
less the particles require to move, or approach to or recede 
from each other, so as to compensate the correlative recession 
or approach of the particles in a hotter portion of the same 
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substance, that is, in. another portion cif tLe same substance 
in which the particles axe more distant from each other. 
The amount of approximation or recession of the particles of 
a body, in other words, its change of bidk by a given change 
of temperatnrc, being thus in a given substance an index of 
the relative proximity of its particles, may it not be so of all 
bodies ? The proposition is very ingeniously argued by Dr. 
Wood, but the argument ia based upon certain hypotheses aa 
to the sizes and distances of atoms, ■which raust be admitted 
as postulates, by those who adopt his conclusions. Dr. 
Wood seeks by means of this theory to explain the heat pro- 
duced by chemical combination, and I shall endeavotir to give 

' a sketch of his mode of reasoning when I arrive at Ihat part 
of my subject. 

Although the comparative effects of specific heat ms-y not 
be satis&ctorily explicable by any known theory, the absolute 
effect of heat npon each separate substance is simply expan- 
sion, but when bodies differing in their physical characters 
are used, the rate of expansion varies, if measared by the 
correlative eontractions exhibited by the substances produc- 
ing it. Though I am obliged, m order to be intelligible, to 
talk of heat as an entity, and of its conduction, radiation, &c., 
yet these expressions are, in fact, inconsistent with the dyna- 
mic theory which regards heat as motion and nothing else ; 
thus conduction would be simply a progressive dilatation or 
motion of the particles of the conducting substance, radiation 
an undulation or motion of the particles of the medium 
through which the heat is said to be transmitted, &c. ; and it 
is a strong argament in favour of this theory, that for every 
diversity in the physical character of bodies, and for every 
change in the structure and arrangement of particles of the 
eame body, a change is apparent in the thermal effects. 
Thus gold conducts beat, or transmits the motion called heat, 
more readily than copper, copper than iron, iron than lead, 

_»nd lead than porcelain, &c. 
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So when the structare of a substance is not liomogeneoira, 
we have a change in the conduction of different parts depend 
ent npon the structure. This is beautifully shown with 
bodies whose structure is symmetrically arranged, as in crys- 
tals. Scnarmont has shown that crystals conduct heat differ- 
ently in different directions with reference to the axis of 
symmetry, but definitely in definite directions. His mode of 
experimenting is as follows : — A plate of the crystal is cut in 
a direction, for one set of experiments parallel, and for 
another at right angles to the axis ; a tube of platinum is in- 
serted through the centre of the plate, and bent at one 
extremity, so as to be capable of being heated by a lamp 
without the heat which radiates from the lamp affecting the ■ 
crystal ; the surfaces or bases of the plate of crystal are 
covered with wax. "Wlien the platinum is healed, the direc- 
tion of the heat conducted by the crystal is made known by 
the melting of the was, and a curved line is visible at the 
juncture of the solid and liquid wax. This curve, with 
homogeneous substances, aa glass or zinc, is a circle ; it is 
also a circle on plates of ealc spar cut perpendicular to the 
axis of symmetry ; but on plates cut parallel to the axis of 
symmetry, and Laving their plane perpendicular to one of the 
faces of the primitive rhombohedron, the curves are well- 
defined ellipses, having their longer axes in the direction of 
the axis of symmetry, showing that this axis is a direction of 
greater conduetibility. From experiments of this character 
the inference is drawn, that ' in media eunstitnl«d like crys- 
tals of the rhombohedral system, the conducting power varies 
in such a manner, that, supposing a centre of heat to exist 
within them, and the medium to be indefinitely extended in 
all directions, the isothermal surfaces are concentric ellipsoids 
of revolution round the axis of symmetry, or at least surfaces 
differing but little therefrom.' 

Knoblauch has further shown, that radiant heat is absorb- 
ed in different degrees, according as its direction is parallel 
5r perpendicular to the axis of a crystal. 
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If we select a substance of a different but also of a definite 
structure, such as wood, we find that heat progresses through 
it with more or less rapidity, aeeording to its direction with 
reference to the fibre of the wood : thus DccandoUo and De 
la Eiye found that the conduction was better in a direction 
parallel to the fibre than in one transYersc to it ; and Dr. 
. Tjndall has added the fact, that the conduction is better in a 
direction transverse to the fibres and layers of the wood than 
when transverse to the fibre but parallel to the layers, though 
in both these directions the conduction ia inferior to that fol- 
lowing the direction of the fibre. Thus^ in the three possible 
direciions in which the structure of wood may be contem- 
plated, we have three different degrees of progression for 

In the above examples we see, aa we shall see farther on 
with reference to all the so-called inaponderables, that the 
phenomena depend upon the molecular structure of Ihe mat- 
ter afiected: and although these facts are not absolutely in- 
consistent with the theory which supposes them to be fluids 
or entities, it will, I think, be found to be far more consistent 
with that which views them as motion. Heat, which we are 
at present considering, cannot be insulated : we cannot re- 
move tlio heat from a substance and retain it as heat ; we 
can only transmit it to another substance, either as heat or 
as some other modo of force. We only know certain changes 
of naatter, for which changes heat is a generic name ; the 



Heat having been shown to be a force capable of pro- 
ducing motion, and motion to be capable of producing the 
other modes of force, it necessarily follows that heat is capa- 
ble, mediately, of producing them ; I wHl, therefore, content 
myself with enquiring how far heat is capable of immediately 
producing the Other modes of force. It wiU immediately 
produce electricity, as shown in the beautiful experiments of 
Seebeet, one of which I have already cited, which experi- 
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ments proved, that when dissimilar metals are made to toucli 
or are soldered together and heated at the point of contact, a 
current of electricity flows through flie metals having a defi- 
nite direction according to the metals employed, which cur- 
rent continues as long as an increasing temperature is grad- 
Bally pervading the metala, ceases when the temperature is 
Btationary, and flows in the contrary direction with the decre- 



Another class of phenomena which have been generally 
attributed to the effects of radiant heat, and to which, from 
this belief, the term thermography has been appUed, may 
also, in tlieir turn, be made to exhibit electrical effects — ef- 
fects here of Franklinic or static electricity, as Seebeck'a ex- 
periments showed cfiects of voltaic or dynamic electricity. 

If polished discs of dissimilar metals — say, zinc and cop- 
per — be brought into close proximity, and kept there for 
some time, and either of them has irregularities upon its sur- 
face, a superficial outline of these irregularities is traceable 
upon the other disc, and vice versS.. Many theories have 
been framed to account for this phenomenon, but whether it 
be due or not to thermic radiations, the relative temperature 
of the discs, their relative capacities and conducting and 
radiating powers for heat, undoubtedly influence the phe- 



Now, if two such discs in close proximity be connected 
with a delicate electroscope, and thou suddenly separated, 
the electroscope is afiected, showing that the reciprocal ra- 
diation from surface to surface has produced electrical force. 
I cite this experiment in treating of heat as an initial force, 
because at present the probabilities arc in favour of thermic 
radiation producing the phenomenon. The oi-igin of these 
so-called thermographic effects is, however, a question open 
to much doubt, and needs much further experiment, "WTien 
I first published the experiment which showed that the mere 
approximation of metallic discs would give rise to electrical 
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efiecta, I meationed ibat I considered the fact of the superfi- 
cial change upon the surface of metals in proximity, and, d 
fortiori, in contact, would explain the developement of elec- 
tricity in Volta'a original contact experiment, without having 
recourse to the contact theory, i. o. a theory which supposes 
a force to be produced by mere contact of dissimilar metals 
without any molecular or chemical change. I have seen 
nothing to alter this view. Mr. Gasaiot has repeated and 
verified my experiment with more delicate apparatus and 
under more unexceptionable circunistances ; and without say- 
ing that radiant heat is the initial force in this case, we have 
evidence, by the superficial change which takes place in 
bodies closely approximated, that some molecular chaage is 
taking place, some force is called into action by their proxim- 
ity, which produces changes in matter aa it expends, or 
rather transmits itself; and, therefore, is not a force without 
molecular change, as the supposed contact force would be. 
The force in this, as in all other cases, is not created, but de- 
veloped by the action of matter on snatter, and not annihi- 
lated, as it is shown by this experiment to be convertible into 
another mode of force. 

To say that heat will produce ligJU, is to assert a fact ap- 
parently familiar to every one, but there may be some rea- 
son to doubt whether the expression to produce light is cor- 
rect in tliis particular application ; the relation between heat 
and light is not analogous to the correlation between these 
and the other four affections of matter. Heat and light ap- 
pear to be rather modifications of the same force than dis- 
tinct forces mutually dependent. The modes of action of ra- 
diant heat and of light are so similar, both being subject to 
the same laws of reflection, reftaction, and double refraction, 
and polarisation, that their difference appears to exist more 
in the manner in which they affect our senses than in our 
mental conception of them. 

The experiments of Melloai, which have mainly contrib- 
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uted to demonstrate this dose analogy of heat and light, a£ 
ford a heautiful instance of the assistaoce which the progress 
of one branch of physical science renders to that of another 
The discoYeries of Oersted and Seeheckled to the construc- 
tion of an instrument for measuring temperature, incompara- 
bly more delicate than any previously known. To distin- 
guish it from the ordinary thermometer, this instrument is 
called the thermomvltiplier. It consists of a series of small 
bars of bismuth and antimony, forming one zigzag chain of 
alternations arranged parallel to each other, in the shape of 
a cylinder or prism ; so that the points of junction, which are 
soldered, shall be all exposed at the bases of the cylinder : 
the two extremities of this series are united to a galvano- 
meter — that is, a flat coil of wire surrounding a freely-sus- 
pended magnetic needle, the direction of which is parallel to 
the convolutions of the wire. When radiant heat impinges 
upon the soldered ends of the multiplier, a thermo-electric 
current ia induced in each pair ; and, as all these currents 
tend to circulate in the same direction, the energy of the 
whole ia increased by the cooperating forcea ; this current, 
traversing tho helix of the galvanometer, deflects the needle 
from parallelism by virtue of the electro-magnetic tangential 
force, and the degree of this defleciion serves as the index 
of the temperature. 

Bodies examined by these means show a remarkable dif- 
ference between their transcaleacence, or power of transmit- 
ting heat, and their transparency ; thus, perfectly transparent 
alum arreata more heat than quarts so dark coloured as to be 
opaque ; and alum coupled with green glass Melloni found 
was capable of transmitting a beam of brilliant light, while, 
with the most dehcate thermoscope, he could detect no indi- 
cationa of transmitted heat : on the other hand, rock-salt, the 
most transcalescent body known, may be covered with soot 
nntn perfectly opaque, and yet be found capable of transmit- 
ting a considerable quantity of heat. Radiant heat, when 
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transmitted through a prism of rock-salt, ia found to fee une- 
qually refracted, as is the case with light ; and the rays of 
heat thus elongated into what is, for the sake of analogy, 
called a spectrum, are found to possess simiUr properties to 
the primary or coloured raya of light. Thus rock-salt is to 
heat what colourless glass is to light ; it transmits heat of all 
degrees of refrangihility : alum ia to heat as red glaas to 
Ught ; it transmits the least, and atopa the most refrangible 
raya ; and rock-salt covered with aoot represents blue glaas, 
■fa-anamitting the most, and stopping the least refrangible rays. 

Certain bodies, again, reflect heat of different refrangi- 
bility : thus paper, snow, and lime, although perfectly white 
— that ia, reflecting Hght of all degrees of refrangibility, re- 
flect heat only of certain degrees ; wMle metala, which are 
coloured bodies — that is, bodies which reflect light only of 
certain degrees of refrangibility — reflect heat of all degrees. 
Radiant heat incident upon substances which doubly refract 
light ia doubly refracted ; and the emergent rays are polar- 
ised in planes at right angles to each other, as is the case 
with light. 

The relation of radiation to absorption also holds good 
with light as with heat : with the latter .it has been long 
known that the radiating power of difierent substances ia di 
rectly proportional to their absorptive and inverse to theii 
reflective power ; or rather, that the sum of the heat radia 
ted and reflected is a constant quantity. So, as has been 
shown by Mr. Balfour Stewart, the abaorption bears the 
aame relation to radiation for heat as to quality as well as 
quantity. 

Light presents us with similar relations. Coloured glass, 
when heated so as to be luminoua, emita the same light 
which at ordinary temperatures it absorbs: thus red glass 
gives out or.radiates a greenish light, and green glass a red 

The flame of substances containing sodium yields a ye!- 
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low liglit of sucli purity tHat other colaura exposed to it ap 
pear black — a pienomenon shown by tlie familiar experiment 
of exposing a pictare of bright colours, other than yellow, to 
the flame of spirits of wine with -whicli common salt is mixed : 
the picture loses its colours, and appears to be black and 
white. When the prismatic spectrum of such a flame ia ex- 
amineil, it is found to exhibit two bright yellow lines at a cer- 
tain fixed position. If a source of light be employed which 
gives no lines in its spectrum, and this, being at a higher 
temperature, be made to pass through the sodium flame, two 
dark lines will appear in the spectrum precisely coincident 
in position with the yellow lines which were given by the so- 
dium flame itself. The same relation of absorption to radia- 
tion is therefore shown here : the substance absorbs that 
light which it yields when it is itself the source of light. 
The same is true of other suhitancos, the spectra of which 
exhibit respectively lines of peculiar colour and. position. 
Now, the solar prismatic spectrum is traversed by a great 
number of dart lines , and lurchofl has deduced from con- 
sideraiions such as those whiLh I have shortly stated, that 
these dark lines in the solar speclmm are due to metals ex- 
isting in an atmosphere around the sun, which absorb the 
light from a central incandescent nucleus, each metal absorb- 
ing that light which would appear as a bright line or lines in 
its own spectrum. 

By comparing the position of the bright lines in the spec- 
tra of metals with that of the dark lines in the solar speo- 
trmn, several of them are found to be in identically the same 
place : hence it is inferred, and the inference seems reason- 
able, that the metals which show luminous Hues in their spec- 
tra, identical in position with dark lines in the solar spec- 
trum, exist in the sun, and are diffused in a gaseous state in 
its atmosphere. It does not seem to me necessary to this 
conclusion to assume that the sun is a solid mass of incandes- 
Oent matter : it may well be that what wo term the pholo- 
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sphere or luminous envelope of the sun has surrounding it a 
more diffuse atmosphere containing vaporised metals, and 
that the mass of the sun itself may be in a different state, 
and not necessarily at an incandescent temperature ; indeed, 
the protuterances and red light seen at the period of total 
eclipses afford some evidence of an atmosphere exterior to 
the photosphere. It ■would, however, be'out of place here to 
speculate on these sutjects : the point ■which concerns us is 
the analogies of heat and light, which these discoveries illns- 
trate. Kirchoff has carried the analogy farther by showing 
that a plate of tourmaline ahsorbs the polarised ray which 
wheif heated it radiates. Thus, the phenomena of light are 
imitated closely by those of radiant heat ; and the same the- 
ory -which' is considered most plausibly to account for the 
phenomena of the one, will necessarily be applied to the other 
a^ent, and in each case molecular change is accompanied by 
a change in the phenomenal effects. 

In certain cases heat appears to become partially con- 
verted into light, by changing the matter affected by heat : 
thus gas may be heated to a very high point without pro- 
ducing light, or producing it to a very slight degree ; but the 
introduction of solid matter — for instance, the metal platinum 
into the highly-heated gas — instantly exhibits light. Whether 
the heat is converted into light, or whether it is concentrated 
and increased in intensity by the solid matter so as to become 
visible, may be open to some doubt ; the fact of solid matter, 
when ignited by the oxyhydrogen jet decomposing -water,. as 
will be presently explained, would seem to indicate that the 
heat was rendered more intense by condensation in the solid 
matter, as water is in tlus case decomposed by a heated body, 
which body lias itself been heated by the combining elements 
of vrater. The apparent effect, however, of the introduction 
of solid incombustible matter into healed gas, is a conversion 
of heat into light. 

There is another method by which heat would probably 
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be made to produce luminous effecte, though I am not aivars 
that the experiment has ever been made. 

If we eonecntrate into a focus by a large lens a dim hght, 
■we increase the intensity of the light. Now if a heated body 
be taken, which, to the unassisted eye, has just ceased to be 
visible, it scenis probable that by collecting and condensing 
by a lens the different rays which have so ceased to be visi- 
ble, light would reappear at the focus. The experiment is, 
for reasons obvious to those acquainted with optics, a difficult 
one, and, to be conclusive, should be made on a large scale, 
and with a very perfect lens of large diameter and short fo- 
cus. I have obtained an approximation to the result in the 
following manner : — In a dark room a platinum wire is 
brought just to the point of visible ignition by a constant vol- 
taic battery ; it is then viewed, at a short distance, through 
an opera-glaas of large aperture applied to one eye, the other 
being kept open. The wire will bo distinctly visible to that 
eye which regards it through the opera-glass, and at the same 
time totally invisible to the other and naked eye. It may be 
said with some justice that auch experiments prove little more 
than the fact already known, via. that by increasing the in- 
tensity of heat, light is produced : they however exhibit this 
effect in a more striking form, as bearing on the relations of 
heat and light. 

With regard to chemical affinity and magnetism, perhaps 
the only method by which in strictness the force of heat may 
be £aid to produce them is tlirougb the medimn of electricity, 
the thermo-electrical current, produced, as before described, 
by heating dissimilar metals, being capable of deflecting the 
magnet, of magnetising iron, and exhibiting the other mag- 
netic effects, and also of forming and decomposing chemical 
compounds, and this in proportion to the progression of heat ; 
this has not, indeed, as yet been proved to bear a measurable 
quantitative relation to the other forces thus produced by it, 
because so little of tlie heat is utihsed or converted into elee- 
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tticity, mucli being <!i8sipated, without change, in the form of 

Heat, however, directly affects and modifies both the ma^ 
Bet and chemical compounds ; the union of certain chemicd 
suhstanceB is induced by heat, as, for instance, the formation 
of wafer by the union of oxygen and hydrogen gases : in 
other cases this union is facilitated by heat, and in many in- 
stances, as in ammonia and its salts, it ia weafeenod or antag- 
onised. In many of these cases, however, the force of heat 
seems more a determining than a producing influence ; yet to 
be this, it caust have an immediate relation with the force 
whose reaction it determines : thus, although gunpowder, 
touched with an iguiteil wire, subsequently carries on its own 
oombustion or chemical combination, independently of the 
original source of heat, yet the chemical affinities of the first 
portion touched must be exalteil by, and at the cost of, the 
heat of the wire ; for to disturb even an unstable equihbrium 
requires a force in direct relation with those which maintain 
eqirilibrium. 

Since the first edition of this essay was published, I have 
comnmmcated to the Eoyal Society some experiments by 
which an important exception to the general effect of heat on 
chemical affinity is removed, and the results of whic)> induce 
a hope that a generalised relation will ultimately be estab- 
lished between heat, chemical affinity, and physical attraction. 
I find that if a substance capable of supporting an mtense 
heat, and incapable of being acted upon by water or cither 
of itfl elements — such, for instance, as platinum, or iridium — 
be raised to a high point of ignition and then immersed in 
water, bubbles of permanent gas ascend from it, which on 
examination are found to consist of mixed oxygen and hydro- 
gen in the proportions in which they form water. The tem- 
perature at which this is effected is, according to Dr. Kobin- 
Bton, who has since written a valuable paper on the subject, 
— 2386". Now, when mixed oxygen and hydrogen are ex- 
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posed to a temperature oC aboat 800°, they combine anil form 
water ; beat therefore appears to act differently upon these 
elements according to its intensity, in one case producing 
composition, in the other decomposition. No satisfactory 
means of reconciling this apparent anomaly have been pointed 
ont : the best approsimation to a theory which I can frame is 
by assuming that the constituent molecules of water arc, be- 
low a certain temperature, in a state of stable equilibrium ; 
that the molecules of mixed or osyhydrogen gas are, abova a 
certain temperature, also in a state of stable equilibrium, but 
of an opposite character ; while below this latter tempera- 
ture the molecules of mixed gas are in a slate of unstable 
equilibrium, somewhat similar to that of the fulminates ov 
similar bodies, ia which a slight derangement subverts the 
nicely-balaoeed forces. 

If, for instance, we suppose four molecules, A, B, C, D, 
to be in a balanced state of equilibrium between attracting 
and repelling forces, the application of a repulsive force be- 
tween B and C, though it may stiH farther separate B anij C, 
wiU approximate B to A and C to D, and may bring them 
respectively within the range of attraetiTe force ; or, sup- 
posing the repulsive force to be in the centre of an indefinite 
sphere of particles, all these, excepting those immediately 
acted on by the force, will be approximated, and having from 
attraction assumed a state of stable equilibrium, they will re- 
tain this, because the repulsive force divided by the mass ia 
not capable of overcoming it. But if the repulsive force be 
increased in quantity and of sufficient intensity, then the at- 
tractive force of all the molecules may be overcome, and de- 
composition ensue. Thus, water or steam below a certain 
teiaperatiire, and mixed gas abave a certain temperature, 
may be supposed to be in a state of stable equilibrium, whDst 
below this limiting temperature, the equilibrium of osyhy- 
drogen gas is unstable. 

This, it must be confessed, is but a crude mode of explain- 
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ing the phenomena, and requires the assumption, that the 
partides of a gas exercise aa attraction for each other as do 
the particles of a solid, though different in degree, perhaps in 
kind. Whether this he so or not, there can bo no douht that 
both gases and solids expand or contract according to the in- 
verse contraction or expansion of other neighbouring bodies, 
and so far resemble each other in their relations lo heat and 
cold. The extent to whifh such expansion or contraction 
can be carried, scenas to be limited only by the correlative 
efate of other bodies ; these again, by others, and so on, as 
far as we may judge, throughout the universe. 

Adopting the explanation above given of the decomposi- 
tion of water by heat, heat would have the same relation to 
eheniical affinity as it has to physical attraction ; its inune- 
diate tendency is antagonistic to both, and it is only by a sec- 
ondary action that chemical affinity is appfl,rently promoted 
by heat. This view would explain how heat may promote 
changes of the equilibrium of chemical affinity among mixed 
compound substances, by decomposing certain compounds and 
separating elementary constituents wbose affinity is greater, 
when they are brought within the sphere of attraction for the 
substance with which they are mixed, (liaa for those with 
which they were originally chemically united : thus an intense 
heat being applied to a mixture of chlorine and the vapour 
of water, occasions the production of muriatic acid, libera- 
ting oxygen. 

Carrying out this view, it would appear that a sufficient 
intensity of heat might yield indefinite powers of decomjwsi- 
tion ; and there seems some probability of bodies now sup- 
posed to be elementary, being decomposed or resolved into 
further elements by the application of heat of sufficient inten- 
sity ; or, reasoning conversely, it may fairly be anticipated 
ttiat bodies, which will not enter into combination at a certain 
temperature, will cuter into combination if their tempferature 
be lowered, and that thus new compounds may be formed by 
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a proper disposition of their constituents when exposal to an 
extremely low temperature, and the more so if compressioQ 
be also employed. 

In considering the effect of heat as a mechanical force, it 
would he expected, a priori, and independently of any theory 
of heat which may be adopted, that a given amount of heat 
acting on a given material mast produce a given amount of 
motive power ; and the next question which occurs to tlie 
mind is, whether the same amount of heat would produce tho 
same amount of mechanical power, whatever be the material 
acted on or affected by the heat. I will endeavour to reason 
this out on the view of heat which I have advocated. Heat 
has been considered in this essay aa itself motion or meclian- 
ical power, and quantity of heat as measured by motion. 
Tiias, if by a given contraction of a body (say mercury) air 
within a cylinder- having a moveable piston be expanded, the 
piston moves, and in this ease the expansion or motion of the 
material (say iron) of the cylinder itself and of the air sur- 
rounding it is commonly neglected. As tho air dilates it be- 
comes colder ; in other words, by midergoing expansion itself, 
it loses its power of making neighbouring bodies expand ; 
hut if the piston be forcibly kept down, the expansive power 
due to the mercury continues to communicate itself to the 
iron and to the surrounding air, which beccime hotter than 
they would if the piston had given way. 

Kow, in the above case, if the air be confined and its 
volume unchanged, will the expansion of tho iron, assuming 
that it can be utilised, produce an exactly equivalent mechan- 
ical effect to that which the expansion of the air would pro- 
duce if the heat be entirely confined to it? 

Assuming that (with the exception of bodies which ex- 
pand in freezing, where, through a limited range of tempera- 
ture, the converse effects ohtain) whenever a body is com- 
pressed it is heated, i. e. it expands neighbouring substances ; 
whenever it is dilated or increaeed in volume it is cooled, i. e 
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it contractB neighbouring substances — the conclusion ap« 
pears to me iaevitablo that the mechanical power producei] 
by heat will be definite, or the same for a given amount and 
intensity of heat, whatever be the substance acted on. 

Thus, let A be a definite source of heat, say a pound of 
mercury at the temperature of 400° ; let B be another equal 
and similar source of heat ; suppose A be employed to raise 
a piston by the dilatation of air, and B to raise another pis- 
ton by the dilatation of the vapour of water. Imagine the 
pistons attached to a beam, so that they oppose each other's 
action, and tlius represent a sort of calorific balance. If A 
being applied to air could conquer B, which is applied to 
water, it would depress or throw back the piston of the latter, 
and, by compressing the vapour, occasion an increase of 
temperature ; this, in its turn, would raise the temperature 
of the source of heat, so that we should have the anomaly 
that a pound of mercury at 400° could heat another pound 
of mercury at 400° to 401°, or to some point higher than its 
original temperature, and this without any adventitious aid : 
it will be obvious that this is impossible, at least contradic- 
tory to the whole range of our experience. 

The above experiment is ideal, and stated for the object 
of giving a more precise form to the reasoning ; to bring tlie 
idea more prominently into relief, all statemouts as to quan- 
tities, specific heats, &c., so as to yield comparative results 
for given materials, are omitted. The argument may be 
flius stated in another form, viz. that by no mechanical appli- 
ance or difierence of material acted on can a given source 
of heat he made to produce more heat than it originally 
possessed; and that, if all be converted into mechanical 
power, an excess cannot be supposed, for that could be con- 
verted into a surplus of heat, and be a creation of force ; and 
a. deficit cannot be supposed, for that would be annihilation 
offeree. I cannot, however, see how the theoretical concep- 
tion could be verified by experiment ; the enormous weights 
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and tte complex mechanical contrivances reqiiisufe to giv« 
the measure of power yielded by matter in its less dilatable 
forms, woidd be far beyond our present experimental re- 
ourcca. It would also be difflcult to prevent the interference 
of molecular attractions, inertia, &c., the overcoming of 
which expends a part of the mechanical power generated, 
but which could hardly be made to appear in the result. 
"We could not, for instance, practically realise the above con- 
ception by the constTOCtion of a machine which should act by 
the expansion and contraction of a bar of iron, and produce a 
power equal to that of a steam engine, supplied with an equal 
quantity of heat. 

Camot, who wrote in 1824 an essay on the motive power 
of heat, regarded the mechanical power produced bj heat as 
resulting from a transfer of heat from one point to another, 
without any ultimate loss of heat. Thus, in the action of an 
ordinary steam engine, the heat from, the furnace haviag ex- 
panded the wat«r of the boiler and raised the piston, a 
mechanical motion is produced ; but this cannot be continued 
without the removal of the heat, or the contraction of the ex- 
panded water. This is done by the condenser, and the piston 
descends. But then we have apparently transferred the heat 
from the furnace to the condenser, and in the transfer effected 
mechanical motion. 

Should the mechanical motion produced by heat be con- 
sidered as the effect of a simple transference of heat from one 
point to another, or as the result of a conversion of heat into 
the mechanical force of which this motion is the result? This 
question leads to the following ; docs the heat which generates 
the mechanical power return to the thermal machine as heat, 
or is it conveyed away by the work performed ? 

I£ a definite quantity of air be heated it is expanded, and 
by its expansion it cools or loses some of its power of com- 
municating heat to neighbotiring bodies. That which we 
should have- called heat if the expansion of the air had been 
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prevented, wo call mechanical effect, or may view as coaverted 
into mechanical effect ceasing to be heat ; but, throwing out 
of the question nervous sensation, this expansion or mechani- 
cal effect is aU the evidence we have of heat, for if the air is 
allowed to expand freely, this expansion becomes tlie index 
of the heat ; if the air be confined, the expansion of the 
matter of the vessel confining it, or of the mercury of a ther- 
mometer in contact with it, &c., are tie indices of the heat. 

If, agtun, the air which has been expanded be, by mechani- 
cal pressure or by otlier means, restored to its original bulk, 
it is capable of heating or expanding other substances to a 
degree to which it would not be equal, if it had remained in 
its expanded state. To produce continuous motion, or the 
up and down stroke of a piston, we must heat and cool, just 
as with a magnetic machine we must magnetise and demagne- 
tise in order to produce a continuous mechanical effect ; and 
although, from the impossibility of insulating heat, some Leat 
is apparently lost in the process, the result may bo said to be 
effected by the transfer of lieat from the hot to the cold body, 
from the furnace to the condenser. But we may equally well 
say that tlie heat has been converLed into mechanical force, 
and the mechanical force back info heat ; the effects are 
always correlative, as are the mechanical effects of an air 
pump, with which, as we dilate the air on one side, we con 
dense it on the other ; and as we cannot dilate without the 
reciprocal condensation, so we cannot heat without tlie recip- 
rocal cooling, or vice versil. 

Hitherto the resistances of the piston or of any superim- 
posed weight have been thrown out of consideration, or, what 
amounts to the same thing, it has been assumed that the 
weight raised by the piston has descended with it. The heat 
has not merely been employed in dilating the air or vapour, 
but in raising the piston with its weight. If, as the vapour 
is cooled, the weight be permitted to descend, its mechanical 
force restores the heat lost by the dilatation ; but in this case 
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no part of tl e power can be abstracted ao as to b en ploved 
for any i raetical purpose this quest on tl en follows what 
takes plice ^^^t!l regard to the mtial hett il after the ascent 
of the piston the we gbt be remOYed so aa not to belp tl ej i 
t n in ill de cent but to iiU upon a leve or prod e s mu 
extraneous n echan cal eff ct ' 

To amwer th s quest on let us suppose a we gl t to r t 
Dn a piit n wh cl confiu s air at a delin te temper »tur ay 
fot xaa pie oO in a cylinder the ivhole be ng assumed 
to bo absoiatcly non conducting f r heat A part of the heat 
of Ihia conhn 1 oir will be due to the press ire since as 
we 1 ive s n compr ss on ot an elastic fluid produces 

SujpoEe now tic conhned a r to be he it 1 to the 
I ton wi 1 Is lupennc imben w gl t will a«c nd and the 
temperat e u consequence of the dlatat on of the ir Mill 
lesomenhdt lowerel say to CJ (we w !1 ass me for tie 
sake of s mpl c tj that the 1 eat engendered by the fi ct on of 
the p ton compensates the force lost by fi^ct on) 

The J ton having reichcd its max mum of elt,\ation let 
a cold body or condenser take away 20 from the temperature 
of the confined air ; the piston will now descend, and by the 
compression which the weight on it produces, will restore the 
1° lost by dilatatjon, and when the piston reaches ita original 
position the temperature of the air will be restored to 50°. 
Suppose this experiment repeated up to (he rise of the piston ; 
but when the piston is at its fiiU cleTation, and the cold body 
applied, let the weight be removed, so as drop upon a wheel, 
or to be used for other meclianical purposes. The descend- 
ing piston will not now reach its original point without more 
heat being abstracted ; in consequence of the removal of the 
weight, there will not be the same force to restore the 1°, and 
llie temperature will be 49", or some fraction short of the 
original 50°. If this were otherwise, then, as the weight in 
tailing may be made to produce heat by friction, we should 
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have more heat than at first, or a creation of heat out of noth- 
ing — in other words, perpetual motion. 

Let ua now assume that this 20° BuppHed in the first in- 
stance was yielded by a body at 90°, of such size and material 
that its total capacity for heat is equal to that of the mass of 
confined air : this body would be reduced in temperature to 
70°, in other words, our fiimace wonld have lost 20° of heat. 
Let the cold body of the same size and material, used as a 
condenser, _be at 30°. In the first experiment, the body at 
30' woidd bring back the piston to its original point ; but in 
the second experiment, or that where the weight has been 
removed, the body at 30° would not suffice to restore tho pia 
ton to effect this, the c Id b dj or conl nser must It at a 
lower temperature 

The question m Carnot s theory, which is not e"^pcn 
mentally resolved and which presents extreme experimental 
difliculty 13 the following Granted that i piston with a 
upcnmpose 1 weight be raised by the thermic expansion of 
onlinLd gao or vapour below it if the elastic medium be 
restored to its original t mperatuii, by coolmg, the weight m 
depressing the piston will restore that portion of the heat 
which has been lost by the expansion and by the mechanical 
effect consequent theret n hut it the weight be rem jved when 
at its maximum oi elevation, and the piston bo brought back 
to its starting point by a necessarily cooler body than could 
restore it if tho weight were not removed, would the return of 
the piston now restore the heat which had been lost by the 
dilatation, or, in other words, would palling the piston doVm 
by cold restore the heat equally with the pressing it down by 
mechanical force? The argument from the impossibility of 
perpetual motion would say no, for if all the heat were 
restored, the mechanical effect produced by the fall of the 
weight, or the heating effect which might be made to 
result from this mechanical power, would be got from 
nothing. 
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Then follows another question, via. whether, where an ex- 
ternal or derived mechanical effect haa been obtained, would 
the retnm of the piston, effected without the weight or exter- 
nal force to assist it, but solely by the colder body, give to 
this latter the same number of thermomefric degrees as had 
been lost by the hot body in the first instance? Suppose, for 
instance, the cold body in our experinaent to be at 20" instead 
of 30°, would this body gain 20°, and then reach the tempera- 
ture of 40° when the piston is brought back, or would its 
temperature be higher or lower than 40° ? The argument 
from the impossibility of perpetual motion does not apply 
here, for it does not necessarily follow that 20°, on the ther- 
mometi-ic scale from 20° to 40°, represents an equal amount 
of force to 20° on the scale from 70° to 90", and therefore it 
is quite conceivable that we may lose 20° from the furnace, 
and gain 20° in the condenser, and yet have obtained a cer- 
tain amount of derived mechanical power. It will also follow, 
upon a consideration of the above imaginary experiments, 
that the greater the mechanical power required, the greater 
should be the difference between the temperature of the 
furnace and that of the condenser ; but the exact relation in 
temperature between these, for a given mechanical effect, has 
not, as far as I am, aware, been satisfactorily established by 
experiment, though it has been shown that steam at high 
pressure produces, comparatively, a greater mechanical 
effect fur the same ntmiber of degrees than steam at low 
pressure. 

Carnot, assuming the number of degrees of temperature 
to be restored, but at a lower point of the thermometric scale, 
termed this the fell (chute) of calorie. Tlie mechanical effect 
of heat, on this view, may be likened to that of a series of 
cascades on water-wheels. The highest cascade turns a 
wheel, and produces a given mechanical effect ; the water 
which has produced this cannot again effect it at the same 
level without being carried back to its original elevation, i. e. 
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without an extra force being employed equivalent to, or 
ra'lier a fraction more flian tk© force of the descending 
water ; but though, ils power is spent with I'efcrence to the 
first wheel, the same water may, by falhug over a new 
precipice upon a second wheel, again reproduce the same 
mecbanical effect (strictly speaking, rather more, jbr it has 
approsjiaated the centre of gravity), and so on, tmlil no 
lower fall can be attained. So with heat : it involves no 
necessity of assuming perpetual motion to suppose that, after 
a given mechanical effect, produced by a certain loss of heat, 
the number of degrees lost from, the original- temperature 
may be restored to the condenser, but at a lower point of the 
thermometric scale. 

If work has been doac, i. e. if force has been parted 
with, the original temperature itself cannot be restored, but 
there is no a priori impossibility in the same number of 
degrees of heat as have been converted into work being con- 
veyed to a condensing body so cold that, when it receives this 
heat, it wiU still be below the original tempeiaiure to wliich 
the work-producing heat was added. 

In tlie theory of the steam-engine, this subject possesses 
a great practical interest. Watt supposed that a given 
weight of water required the same quantity of what is 
termed total heat (that is, the sensible added to the latent 
heat) to keep it in the state of vapour, whatever was the 
pressure to which it was subjected, and, consequently, how- 
ever its expansive force varied. Clement Desormes was 
also supposed to have experimentally verified this law. If 
this were so, vapour raising a piston with a weight attached 
woiald produce mechanical power ; and yet, the same heat 
existing as at first, there would be no expenditure of the 
initial force ; and if we suppose that the heat in the condens- 
er was the real representative of the original heat, we 
should get perpetual motion. Southern supposed that the 
latent heat was conslant, and that the heat of vapour under 
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pressure increased aa the sensible heat. M. Dcsprelz, in 
1832, made some experiments, which led him to the coa- 
elusion that the increase was not in the same ratio as the 
sensible heat, but that yet there was an increase ; a result 
confirmed and verified with great accuracy by M. Regnault, 
in some recent and elaborate researches. What seems to 
have occasioned the error in Watt and Clement Deaormes' 
experiments was, the idea involved in the term latent heat ; 
by which, supposing the phenomenon of the disappearance of 
sensible heat to be due to the absorption of a material sub- 
Stance, that -substance, ' caloric,' was thought to be restored 
when the vapour was condensed by water, even though the 
water was not subjected to pressure ; but to estimate the 
total heat of vapour under pressure the vapour should be 
condensed while subjected to the same pressure as that under 
which it is generated, as was done in M. Dcsprot^ and M, 
Regnault' s experiments. 

M. Seguin, in 1839, controverted the position that derived 
power could be got by the mere transfer of heat, and by 
calculation from certain known data, such as the law of Mar- 
iotte, viz. that the elastic force of gases and vapours increas- 
ed directly with the pressure ; and assuming that for vapour 
between 100° and 150° centigrade, each degree of elevation 
of temperature was produced by a thermal imit, he deduced 
the equivalent of mechanical work capable of being perform- 
ed by a given decrement of heat ; and thus concluded that, 
for ordinary pressures, about one gramme of water losing 
one degree centigrade would jiroduce a force capable of rais- 
ing a weight of 500 grammes through a space of one metre ; 
this estimate is a little beyond that given hy tlie converse ex- 
periments of Mr. Joule, already stated, in which the heat 
produced by a ^ven amount of mechanical action is estimat- 
ed. I am not aware that the amount of mechanical work 
which is produced by a given quantity of heat has been di- 
rectly established by experiment, though some approximative 
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results in particular cases have been given. Theoretically it 
should be tbe same — that is to say, if a fall of 772 lbs. 
through a space of one foot will raise the temperature of 1 lb. 
of water throngh one degree of Fahrenheit, then the fall in 
the tenaperature of 1 lb. of water through one degree of Fah- 
renheit should be able to raise 772 lbs. through a space of 
one foot. The calculations of M. Scguin are not far from 
this, but since the elaborate experiments of M. Eegnault he 
has expressed some doubt of the correctness of his former 
estimate, as by these experiments it appears that, within cer- 
tain limits, for elevating the temperature of compressed va- 
pour by one degree, no more than about three-tenths of a de- 
gree of total heat is required ; consequently, the equivalent 
multiplied in this ratio would be 1,666 grammes, instead of 
500. Other investigators have given numbers more or less 
discordant ; so that, without giving any opinion on their dif- 
ferent results, this question may be considered at present far 
from settled, M. Regnault himself does not give the law by 
which the ratio of heat varies with reference to the pressure, 
and is still believed to be engaged in researches on the sub- 
ject — one involving questions of which experiments on the 
mechanical effects of elastic fluids seem to offer the most pro- 
mising means of solution. 

1 have endeavoured to give a proof (by showin" the 
anomaly to which the contrary con lu n w aid lead) that 
whatever araotmt of mechanical po e s p od c d by one 
mode of application of heat, the san 1 Id in tl y b 
equally produced by any olhor mod B t n p a t the 
difference is immense ; and therefo e t 1 m a ju st n 
of great interest practically to ase tarn wl at is fh m st 
convenient medium on which to apply th he,t mpl yed and 
the best machinery for economising t One "t at p obi m 
to be solved is the saving of the heat wh h ll st am n 
(Unary engines, after having done t w k a nto tl e 

condenser, or, in the high-pressure n n nto tl e a II 
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la argued you have a large amount of fuel conaumed to raise 
water to the boiling point, at which its efdeiency as a motive 
ogent commences. Aiier it has done a small portion of work, 
and while it still retains a very large portion of the heat ori- 
ginally communicated to it, you reject it, and have to start 
f^ain with a fresh portion of steam wliich has similarly ex- 
hausted fuel — in other words, you throw away, all, aad more 
than all the heat which has been employed in raising the 
water to tie boiUng point. Various plans have been devised 
to remedy this. Using again the warm water of the conden- 
ser to feed the boiler regains a part, but a very small part, of 
the heat. Employing tlie steam first for a high pressure, and 
then before its rejection or condensation using it for a low 
pressure, cylinder, ia a second mode ; a third is to use the 
steam, after it has done its work on the piston, as a source of 
heat or second furnace, to boil ether, or some liquid which 
evaporates at a lower temperature than water. These plans 
have certain advantages ; but the complexity of apparatus, 
the danger from combustion of ether, and other reasons, 
have hitherto precluded their general adoption. Under the 
term regenerating engine various ingenious combinations 
have lately been suggested, and some experimental engines 
tried, with wliat success it is perhaps loo early at present to 
pronounce an opinion. The fundamental notion on w!:ich 
this class of engine is haaed is that the vapour or air, when 
it has performed a certain amount of work, as by raising a 
piston, should, instead of being condensed or blown off, be 
retained and again heated to its original high temperature, 
aud then used (?e jjOiJo; or that it should impart its heat to 
some other substance, and the latter in turn impart it to the 
fresh vapour about to act. The latter planhas been proposed 
by Mr. Ericsson : he passes the air which has done its 
work through layers of wire gauze, which are heated by the 
rejected air, and through which the next charge of air is 
made to pass. M. Seguin and Mr. Siemens have construct 
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ed machines upon the former priueiple, whidi are said to 
have g^yen good experimental results. Tliere is, however, 
a theoretical difficulty in all these, not affecting their capabil- 
ity of acting, but affecting the question of economy, which it 
does not seem easy to escape from. Whether the heated aii 
or vapour be retaiaed, or whether it yield its heat to a metal- 
lic or other substance, this heat must exercise its usual rcpal- 
flive force, and ihia must re-act either against the returning 
piston or against the incoming vapour, and require a greater 
pressm-e in that to neutralise it. Vapour raising a piston and 
producing mechanical force effects this with decreasing power 
in proportion as the piston is moved. At a certain point the 
piston is arrested, or the stroke, as it is termed, is completed, 
but there is still compressed vapour in the cylinder capable 
of doing work, but so little that it is, and must in practice 
be neglected ; if this compressed vapour bo retained, the pis- 
ton cannot he depressed without an extra force capable of 
over coming the resistance of this, so to speak, semi-compress- 
ed vapour, in addition to that whichis requisite to produce the 
aormal work of the machine ; and in whatever way the resi- 
dual force he retained, it must either be antagonised at a loss 
of power for the initial force, or at most can only yield the 
more feeble power which it would have originally given if it 
had been allowed to act for a longer stroke on the piston. It 
may be that a portioa of tliis residual force may be econo- 
mised ; indeed, this ia done when the hoiler is charged with 
warm water from the condenser, instead of with cold water ; 
but some, indeed a notable loss, seems inevitable. 

Without farther discussing the various inventions and the- 
ories on this subject, which are daily receiving increased de- 
velopment, it may be well to point out how far nature dis- 
tances art in its present state. According to somo careful es- 
timates, the most economical of our furnaces consume from 
ten to twenty times as much fuel to produce the same quantity 
of heat as an animal produces ; and Matteucoi found that. 
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fi-om a given consumption of zinc in a voltaic battery, a far 
greater mechanical effect eonld be produced by mi^ng it act 
on the limbs of a recently-killed frog, notwithstanding the 
manifold defeeta of such an arrangement and its inferiority 
to the action of the living animal, than when the same bat- 
tery waa made to produce mechanical power, by acting on an 
Electro-naagnetie or other artificial motor apparatus. The ratio 
in his experiments was nearly sis to one . Thus in all our arti- 
ficial combinations we can bnt apply natural forces, and with 
far inferior mechanism to that which is perceptible in tho 
economy of nature. 

Nature is made better by no mean ; 
But nature makes that mean ; so o'er that art, 
Which jou say adds to nature, is an art 
That natnrc makes. 

A speculation has been tlirown out by Mr. Thompson, 
that, as a certain amount of heat results from mechanical ac- 
tion, chemical action, &c., and tliia heat is radiatedinto space, 
there must be a gradual diminution of temperature for the 
earth, by which expenditure, however slow, being continuous, 
it would ultimately be cooled to a degree incompatible with 
the existence of animal and vegetable life — in short, that the 
earth and the planets of our system are parting with more 
heat than they receive, and are therefore progressively cool- 
ing. Geological researches support to some extent this view, 
as they show that the climate of many portions of the tcrros- 
trial surface was at remote periods hotter than at the present 
time : the animals whose fossilised remains are found in an- 
cient strata have their organism adapted to what we should 
now term a Lot climate. There arc, however, so many cir- 
cumstancca of diflculty attending cosmical speculations, 
that but litfle reliance caa be placed upon the most profound. 
Wo know not the original source of terrestrial licat ; still 
less that of the eolar heat ; we know not whether or not sys- 
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tems of planeis may be so constituted as to communicatfl 
forces, inter se, so that forces which have hitherto escaped 
detection may be in a continuous or recurring state of inter 

The movements produced by mutual gravitation may be 
the means of caJling into existence molecular forces within 
the substances of the planets themselves. As neither from 
observation, nor from deduction, can we fix or conjectiu'e any 
boundary to the universe of stellar orbs, as each advance in 
telescopic power gives us a new shell, so to speak, of 
stars, we may regard our globe, in the limit, as surrounded by 
a sphere of matter radiating heat, light, and possibly other, 
forces. 

Such stellar radiations would not, from the evidence we 
have at present, appear sufScient to supply the loss of heat 
by terrestrial radiations ; but it is quite conceivable that the 
whole solar system may pass through portions of space hav- 
ing different temperatures, as was suggested, I believe, by 
Poisson ; that as we have a terrestrial summer and winter, 
BO there may be a solar or systematic suromer and winter, in 
which case the heat lost during the latter period might he re- 
stored during the former. The amount of the radiations of 
the celestial bodies may again, from changes in their positions, 
vary through epochs vrhieh are of enormous duration as re- 
gards the existence of the human species. 

The views of Mr. Tliompsou differ from those of Laplace, 
recently enforced by M. Babinet, which suppose the planets 
to liave been formed by a gradual condensation of nebulous 
matter. A modification of this view might, perhaps, be sug- 
gested, viz. that worlds or systems, instead of being created 
as wholes at definite periods, are gradually changing by at- 
mospheric additions or subtractions, or by accretions or dim- 
inutions arising from nebulous substance or from meteoric 
bodies, so that no star or planet could at any time be said to 
be created or destroyed, or to be in a state of absolute stabil- 



;d by Google 



83 COEKELATIOH OP PHYSICAL F0ECE9. 

ity, but that some may be increasing, others dwindling away, 
and so throughout the universe, in the past as in the future. 
When, however, questions relating to coBmogony, or to the 
beginning or end of worlds, are contemplated from a physi- 
cal point of Tiew, the period of time over which our experi- 
ence, in its most enlarged sense, extends, is so indefinitely 
minute with reference to that which must be rer[aired for any 
notable change, even in oup own planet, that a variety of the- 
ories may be framed equally incapable of proof or of dis- 
proof. We have no means of ascertaining whether many 
changes, which endure in the same direction for a term be- 
yond the range of human experience, are really continuous or 
only secular variations, which may be compensated for at 
periods far beyond our ken, so that in such cases the ques- 
tion of comparative stability or change can at best be only 
answered as to a term which, though enormous with refer- 
fcrence to our computations, sinks into notliing with reference 
lo cosmical time, if cosmical time be not eternity. Subjects 
such as these, though of a kind on which the mind delights 
lo speculate, appear, with reference to any liope of attaining 
reliable knowledge, far beyond the reach of any present or 
immediately prospective capacity of man. 
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IV. ELECTRICITY. 

ELECTEICITY is that affecfioa of matter or mode of 
force wliich most distinctly and heautifiiUy relates other 
modes of force, and exhibits, to a great extent in a quantita- 
tive form, its own relation witli them, and their reciprocal 
relationa with it and with each other. EVoni the manner 
in which the peculiar force called electricity is seemingly 
transmitted through certain bodies, sack as metallic wires, 
the term current is commonly used fo denote its apparent 
progress. It is very difficult to present to the mind any 
theory which will give a definite conception of its modus 
agendi: the early theories regard its phenomena as produced 
either hy a single fluid idio-repulsive, but attractive of aJI 
matter, or else as produced by two fluids, each idio-repulsive 
but attractive of the other. Ko substantive theory has been 
proposed other than these two ; but although this is the case, 
I think I shall not be unsupported by maay who have atten- 
tively studied electrical phenomena, in viewing liiem as re- 
sulting, not from the action of a fluid or fluids, but as a mole- 
cular polarisation of ordinary matter, or as matter acting by 
attraction and repulsion in a definite direction. Thus, the 
transmission of the voltaic current in liquids is viewed by 
Grotthus as a series of chemical affinities acting ia a deflaite 
direction: for instance, in the electrolysis of water, i. e. its 
decomposition when placed between the poles or electrodes 
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of a, voltaic battery, a molecule of oxygen is supposed to be 
displaced by the exalted attractioa of the neighbouring elec- 
trode ; the hydrogen liberated by this displacement unites 
with the osygen of the contiguous molecule of water ; this in 
turn liberates its hydrogen, and so on ; the current being 
nothing else than this molecular transmission of chemical 
affinity. 

There is strong reason for believing that, with some ex- 
ceptions, BU(.!i as fused metals, liquids do not conduct elec- 
tricity without undergoing decomposition ; for even in those 
extreme cases where a trifling effect of conduction is appar- 
ently produced without the usual elimination of substances at 
the electrodes, the latter wJien detached from the circuit 
show, by the counter-current which they are capable of pro- 
ducing when immersed in a fresb liquid, that their superficial 
state has been changed, doubtless by the determination to 
the surfaces of minute layers of substances having opposite 
chemical characters. The question whether or not a minute 
conduction in liquids can take place unaccompanied by chemi- 
cal action, has however been much agitated, and may be re- 
garded aa inter apices of the science. 

Assuming for the moment dectrolysia to be tlie only 
known electrical phenomenon, electricity would appear to con- 
sist in transmitted chemical action. All the evidence we 
tave is, that a certain affeetjon of matter or clicmical change 
takes place at certain distant points of space, the change at 
one point having a definite relation to the change at the 
other, and being capable of manifestation at any intermediate 
points. 

If, now, the electrical eflcet called induction be examined, 
the phenomena will be found equally opposed to the theory of 
a fluid, and consistent with that of molecular polarisation. 
"When an electrified conductor is brought near another wbicb 
is not electrified, the latter becomes electrified by influence or 
indoetion, as it is termed, the nearest parts of eftch of these 
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two bodies exhibiting atatea of electricity of llie contrary 
denominations. TJntil tiiia subject was investigated by Fara- 
day, tbe mtervening non-cottductiag body or dielectric was 
supposed to be purely negative, and the effect was attributed 
to the repulsion at a distance of the electrical fluid. Faro- 
day showed that these effects differed greatly according to the 
dielectric that was interposed. Thna they were more exalted 
with eulphur than with sheUae ; more with shellac than with 
glass, &c Matteucci, though differing from Faraday as to 
the explanation he gave, added some experiments which prove 
that the intervening dieleetrie is molecularly polarised. Thus 
a number of thin plates of mica are superposed like a pack 
of cards ; metallic plates are c.ppKed to the outer facings, and 
one of them electrified, so that the apparatus is charged like 
a Leyden phial. Upon separating the plains with insulating 
handles, each plate is separately electrified, one side of it 
being positive and the other negative, showing very neatly 
and decisively a polarisation throughout the intervening sub- 
stances by the effect of induction. 

Indeed, chemical action or electrolysis may, as I have 
filiowu, be transmitted by induction across a, dielectric sub- 
stance, such as glass, but apparently only while the glass is 
being charged with electricity. A wire passing through and 
hermetically sealed into a glass tube, a short portion only pro- 
jecting, is made to dip into woter contained in a Florence 
flask ; the flask is immersed in water to an equal depth with 
that within it ; the wire and another similar wire dipping 
into the outer water are made to comnmnicatc metallically 
with the powerful electrical machine known as KhumkorPs 
coU ; bubbles of gas instantly ^cend from the exposed por- 
tions of the wires, but cease after a certain time, and are 
renewed when, after an interval of separation, the coil is 
Rgain connected with the wires. 

The following interesting experiment by Mr. Karstea 
goes a step farther in corroboration of the molecular changes 
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consequent upon electrisation ; A coin is placed on a pack of 
thin plates of glass, and then electrified. On removing the 
coin and breathing on the glasa plate, an impression of the 
coin ia perceptible ; this shows a certain molecular change on 
the surface of the glass opposed to the plate, or of tlie vapours 
condensed on such surface. This effect might, and has been 
interpreted as ari!sing from a film of greasy deposit, supposed 
to exist on the plate the miprcoiiions, however, have been 
proved to penetrate to certam depths below the surface, and 
not to be removed by jobshmg 

The following experunent, however goes farther ; On 
separating carefully the glass plates, mtage" of the coin can 
be developed on each of the surtaces, showing that the mole- 
cular change has been transmitted through the substance of 
the glass ; and we maj thence reasonably suppose that a 
piece of glass, or other dielectric body, li it could be split up 
while under the influence of electric mduction, would exhibit 
some molecular change at each side of each lamina, however 
minutely subdivided. I have 6ucceeded in farther extending 
this experiment, and in permanently fixing the images thus 
produced by electricity. Between two carefully-cleaned glass 
plates is placed a word or device cut out of paper or tinfoil ; 
sheets of tinfoil a little smaller than the glass plates are 
plaeed on the outside of each plate, and these coatings are 
brought into contact with the terminals of Rhumkorf s coil. 
After electrisation for a few seconds, the glasses are sepa- 
rated, and their interior surfaces exposed to the vapour of 
hydrofluoric acid, which acta chemically on glass ; the por 
tions of the glass not protected by the paper device are cor- 
roded, whOe those so protected are untouched or less 
affected by the acid, so that a permanent etching is thus 
produced, which nothing but disintegration of the glass will 
efface. 

Some further experiments of mine on this subject bring 
out in a still more striking manner these curious molecular 
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clianges. One of tlie plates of glass havii.g been electrified 
m the manner just mentioned, is coated, on the side impressed 
with the invisible electrical image, with a film of iodised 
collodion in the manner naualiy adopted for photographic 
purposes ; it is then in a dark room immersed in a solution 
of nitrate of silver ; then exposed to diffuse light for a few 
seconds. On pouring over the collodion the usual solution 
of pyrogallic acid, the invisible electrical image is brought 
out as a dark device on a light ground, and can be permanently 
fixed by hyposulphite of soda. The point tvortliy of obser- 
vation in this experiment is, that this permanent image exists 
in the collodion film, which can be stripped off the glass, dried, 
and placed on any other surface, so that the molecular change 
consequent on electrisation has communicated, by contact or 
close proximity, a change to tho film of collodion corres- 
ponding in form with that on the glass, but being undoubtedly 
of a chemical nature. Electricity has, moreover, in this ex- 
periment so modified the surface of glass, that it can, in its 
turn, modify the structure of another substance so as to alter 
the relation of the latter to light. It would require a curious 
complication of hypothetic fluids to explain this ; but if elec- 
tricity and light be supposed U> be affections of ordinary pon- 
derable matter, the difficulty is only one of detail. 

If, again, we examine the electricity of the atmosphere, 
when, as is usually the case, it ia positive with respect to that 
of the earth, we find that each successive stratum is positive 
to those below it and negative to those above it ; and the con- 
verse is the case when the electricity of the atmosphere is 
negative with respect to that of the earth. 

If another electrical phenomenon be selected, another sort 
of change vrill bo found to have taken place. The electric 
spark, the brush, and similar phenomena, the old theories 
regarded as actual emanations of the matter or fluid, Elec- 
tricity ; I venture to regard them as produced by an emission 
of the material itself from whence they issue, and a molecular 
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actioa of the gas, or intermediuni, Ihrougli or across wliich 
thej are transmitted. 

The coloior of the electric spark, or of the Yoltaic are (i. 
e. the flame which plays between the terminal points of a 
powerful voltaic battery), is'dependent upon tlie substance of 
the metal, subject to certain modifications of the intermedium ; 
thus, the electric spark or arc from zinc is blue ; from silver, 
gi-een ; from iron, red and scintillating ; precisely tlie colours 
afforded by these metals in their ordinary combustion. A 
portion of the metal is also found to be actually transmitted 
with every electric or voltaic discharge ; in the latter case, 
indeed, where tbe quantity of matter acted upon is greater 
than in the former, the metallic particles emitted by the elec- 
trodes or ferminais can be readily collected, tested, or even 
weired. It would thus appear that the electrical discharge 
arises, at least in part, irom an actual repulsion and sever- 
ance of the electrifiedmatteritself, which flies off atthe points 
of least resistance. 

A careful examination of the phenomena attending the 
electric spark or the voltaic arc, which latter is the electric 
disruptive discharge acting on greater portions of matter, 
lends to modify considerably our previous idea of the nature 
of the electric force as aproducer of ignition and combustion. 
The voltaic arc is perhaps, strictly speaking, neither ignition 
nor combustion. It is not simply ignition ; because the mat- 
ter of the terminals is not merely brought to a state of incan- 
descence, but is physically separated and partially transferred 
from one electrode to another, much of it being dissipated in 
a vaporous state. It is not combustion-; for the phenomena 
will take place independently of atmospheric air, oxygen gas, 
or any of the bodies usually called supporters of combustion, 
combustion being in fact chemical union attended with heat 
end light. In the voltaic arc we may have no chemical union ; 
forif the experiment be performed in an eshausfcd receiver, or 
in nitrogen, the substance forming the electrodes is condensed. 
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and precipitated upon the interior of the vessel in, ehemieaUj 
speaking, an unaltered state. Thus, to take a very striking 
example, if tlie voltaic discharge be taken between zinc ter- 
minals in au exhausted receiver, a fine black powder of zinc 
is deposited on llie sides of the' receiver ; this can be collect- 
ed, and takes fire readily in the air by being touched with a. 
match, or ignited wire, instantly burning into white oxide of 
Biac. To an ordinary observer, the zinc would appear to be 
burned twice — first in the receiver, where tie phenanaenon 
presents all the appearance of combustion, and secondly in 
the real combustion in air. "With iron the experiment is 
equally instructive. Iron is volatilised by the voltaic arc in 
nitrogen or in an exhausted receiver ; and when a scarcely 
perceptible film has lined the receiver, this is washed with an 
acid, which thea gives, with ferrocyauide of potassium, the prus- 
sian-blue precipitate. In this case we readUy distil iron, a 
metal by ordinary ■means fusible only at a very bigb fempera- 

Another strong evidence that the voltaic discharge con- 
sists of the material itself of which the terminals are compos- 
ed, is the peculiar rotation which is observed in the light 
when iron is employed, the magnetic character of this metal 
causing its molecules to rotate by the influence of the voltaic 
current. 

If we increase the number of reduplications in a voltaic 
series, we increase the length of the arc, and also increase its 
intensity or power of overcoming resistance. With a battery 
consisting of a limited number, say 100 reduplications, -the 
discharge wiU not pass from oho terminal to the other with- 
out first bringing them into contact, but if we increase the 
Eiimber of cells to 400 or 500, the discharge wiU pass from 
one terminal to the otber before they are brought into contact. 
'Thedifferenco between wbat is caUedFranklinic electricity, or 
that producedby an ordinary electricalmachine, and voltaicelec- 
trioity,orfbat produced by the ordinary voltaic battcry,i3 that 
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the former is of mucli greater intensity than the latter, or has a 
greater power of overcoming resistance, but acts upon a inuch 
smaller quantity of matter. If, then, a voltaic battery be 
formed Tvith a view to increase the intensity and lessen tlio 
quantity, the character of the electrical phenomena approii- 
mate those of the electrical machine. In order to efieet this, 
the sizes of the plates of the battery and thence the quantity 
of matter acted, on in each cell, mast be reduced, but the 
number of reduplications increased. Thna if in a battery of 100 
pairs of plates each plate be divided, and the battery be arranged 
so as to form 200 pairs, each being half the original size, the 
quantitative effects are diminished, and the effects of intensi- 
ty increased. By carrying on this sub-division, diminishing 
the sizes and increasing the number, as is the case in the vol- 
taic piles of Delnc and Zomboni, effects are ultimately pro- 
duced similar to those of Franklinic electricity, and we thus 
gradually pass from the voltaic arc to the spark or electric 
discharge. 

This discharge, as I hare already stated, has a colour de- 
pending in part upon the nature of the terminals employed. 
If these terminals be highly polished, a spot will be observed, 
even in the case of a small electric spark, at the points from 
which the discharge emanates. The matter of the terminals 
is itself affected ; and a transmission of this matter across 
the intervening space is detected by die deposition of minute 
quantities of the metal or substance composing the one, upon the 
other terminal. 

If the gas or elastic medium between the terminals be 
changed, a change takes place ^n the length or colour of the 
discharge, showing on affection of the intervening matter. 
If the gas be rarefied, the discharge gradually changes with 
tiie degree of rarefaction, from a spark to a luminous glow or 
diffuse light, differing in colour in different gases, and capable 
of extending to a much greater distance than when it takes 
place in air of the ordinary density. Thus, in highly attonu- 
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ftted air a discharge may be made to pass across six or seven 
feet of space, while in air of the ordinary density it would 
not pass across an inch. An observer regarding the beauti- 
ful phenomena exhibited by this electric discharge in attenua- 
ted gas, which, from some degree of sicoilarity in appear- 
ance to the Aurora Boreahs, has been called the electric Au- 
rora, would have some difficnlty in believing such effects 
could be due to an action of ordinary matter. The amount 
of gas present is extremely small ; and the terminals, to a 
cursory examination, show no change after long experiment- 
ing. It is therefore not to be wondered at that the first ob- 
servers of this and similar phenomena, regarded electricity 
aa in itself something — as a specific existence or fluid. Even 
in Ibis extremecase,bowever,uponamore careful examination 
we shall find that a change does take place, both as regards the gas 
and as regards the tcrminaLs. Let one of these consist of a high- 
ly-polished metal — a silver plateisoneof the best materials for 
tie purpose — and let thedischarges in attenuated atmospheric 
airtake place froma point, saya common sewingneedle,tothe 
surface of the polisbed silver plate ; it will be found that this 
is gradually changed in appearance opposite the point — it is ox- 
idated, and gradually more and more corroded as the discharge 
is continued. 

If now the gas be changed, and highly-rarefied hydrogen 
be substituted for the rarefied air, all other things remaining 
the same, upon passing the discharges as before the oxide 
will be cleared off the plate, and the polish to a great extent 
restored — not entirely, because the silver has been disinte- 
grated by the oxidation — and the portion which has been af- 
fected by the discharge will present a somewhat difierent ap- 
pearanc« from tlie remainder of the plate. 

A question will probably here occur to the reader : — What 
wiU be the efiect if there be not an oxidating medium pres- 
ent, and the experiment be first performed in a rarefied gas, 
wliich possesses no power of chemically acting on the plate? 
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In this case there ^i!l etill he a molecular change or disinte- 
gration of the plate ; the portion of it acted on by the his- 
charge will present a different appearance from that which is 
beyond its reach, and a whitish film, somewhat similar to 
that seen on the naercurialised portions of a daguerreotype, 
will gradually appear on the portion of the plate affected hy 
the discharge. If the gas be a compound, as carbonic oxide, 
oramixtiire,asoxygeaandhydrogen,aiidcoiiseqtieiitly contain 
elements capable of producing oxidation and reduction, then 
the effect upon the plate will depend upon whether it be pos- 
iliye or negatiye ; in the former case it will bo oxidated, in 
the latter the oxide, if existing, will be reduced. This effect 
will also take place in atmospheric air, if it bo highly rare- 
fiedj and can hardly bo explained otherwise than by a mole- 
cular polarisation of tie compound gas. If, again, the metal 
be reduced to a small point, and be of such material that the 
gas cannot act chemically upon it, it can yet be shown to be 
disintegrated by the electric spark. Thus, let a fine plati- 
num wire be hermetically sealed in a glass tube, and the ex- 
tremity of the tube and the wire ground to aflat surface, soas to 
expose a section only of the wire; after taking the discharge 
from this for some time, it will be found that the platinum 
wire is worn away, and that its termination is sensibly below 
the level of the glass. If the discharges from such a plati- 
num wire be taken in gas contained in a narrow tube, a cloud 
or film consisting of a deposit of platinum will be seen on 
the part of the tube surroimding the point. 

Another curious effect which, in addition to the above, I 
have detected in the electrical discharge in attenuated media, 
is that when passing between terminals of a certain form, as 
from a wire placed at right angles to a polished plate, the dis- 
charge possesses certain phases or fits of an alternate character, 
so that, instead of impressing an uniform mark on a pohshed 
plate, a series of concentric rings is formed. 

Priestley observed that, after the discharge of a Leyden 
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batteiy, rings consisting of fused globules of metal were 
formed on the terminal plates ; in nay experiments maJe in 
altenuated media, alternate rings of osidation and deosida- 
tion are formed. Thus, if the plate be polished, coloured 
rings of oxide will alternate with rings of polished or unosi- 
dated surface ; and if the plate be previously coated with an 
uniform film of oxide, the oxide ivill be removed in concen- 
tric spaces, and increased in the alternate ones, showing a 
lateral alternation of positive and negative electricity, or 
electricity of opposite character in the same discharge. 

It would be hasty to assert that in no case can the electri- 
cal disruptive discharge lake place without the terminala be- 
ing affected. 1 have, however, seen no instance of such a re- 
sult where the discharge has been sufficiently prolonged, and 
the teiminala in such a state as could be expected to render 
manifest slight changes. 

The next question which would occur in following out the 
enquiry which has been indicated, would probably be, WTiat 
is the action upon the gas itself? is this changed in any man- 
In answer to this, it must be admitted that, in the present 
state of experimental knowledge on this subject, certain 
gases only appear to leave permanent traces of their having 
been changed by lie discharge, while others, if affected by 
it, which, as will be'preaently seen, there are reasons to be- 
lieve they arc, return to their normal state immediately after 
the discharge. 

In the former class we may place many compound gases, 
as anmionia, oiefiant gas, protoxide of nitrogen, deutoxide 
of nitrogen, and others, which are decomposed by the action 
of the discharge. Mixed gases are also chemically combined : 
for instance, osygen and hydrogen unite and form water ; 
common air gives nitric acid ; chlorine and aqueous vapour 
give oxygen, the chlorine uniting with the hydrogen of the 
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But, further than fhiH, ia the case of certain elementary 
gases a permanent change is effected by the electrical dis- 
charge. Thus, oxygen submitted to the discharge is par- 
tially changed into the Bubstance now considered to be an al- 
lolropic condition of oxyfjen ; and there is reason to believe 
that when the change takes place, there is a definite polar 
condition of tho.gas, and that definite portions of it are affected 
— that in a certain sense one portion of the oxygen bears 
temporarily to the other the relation which hydrogen ordina- 
rily does to oxygen. 

If the discharge ho passed through the vapour of phos- 
phorus in thevaeaumof a good air-pump, a deposit of allotro- 
pic phosphorus soon coats the interior of the receiver, show- 
ing aa analogous change to that produced in osygen ; and in 
this case a series of traaavcrsc baads or stratifications appears 
in the discharge, showing a most striking alteration in its 
physical character, dependent on the mediumacross which it ia 
transmitted. These effects were first observed by me in 
the year 1852. They have since been much examined by 
continental philosophers, and much extended by Mr. Gassiot ; 
but no satisfactory rationale of them has yet been given. 

There are many gases which either do not show any per- 
manent change, or (which is more probably the case) the 
changes produced in them by the electrical discharge have 
not yet been detected. Even with these gases, however, the 
difference of colour, of length, or of the different position of 
a certain dark space or spaces which appear in the discharge, 
show that the discharge differs for different media. We nev- 
er find that the discharge has itself added to or subtracted 
irom the total weight of the substances acted on : we find no 
evidence of a fluid but the visible phenomena themselves ; 
and those we may aecoant for by the change which takes 
place in the matter affected. 

I have here, as elsewhere, used words of common accep- 
tation, such aa ' matter affected by the discharge,' &c,, though 
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npon (lie view 1 am suggesting, tlie discharge is itself tliia 
affection of matter : and the writing these passages affords, 
to me at least, n striking instance of how much ideas are 
bound up in words, when, to express a view differing from 
the received one, words involving the rcceiced one are neces- 
sarily used. 

Passing now to the effect of the transmission of electri- 
aty by the class of the best conducting bodies, such aa the 
metals and carbon, here, though we cannot at present give the 
exact character of the motion impressed upon the particles, 
there are yet many experiments which show that a change 
takes place in such substances when they are affected by eleo- 

Let discharges from a Leyden jar or battery be passed 
throu^ a platinum wire, too thick to be fused by the dis- 
charges, and free from constraint, it will be found that the 
wire is shortened ; it has undergone a molecular change, and 
apparently been acted on by a force tranverse to its length. 
If the discharges be continued, it gradually gathers up in 
small irregular bends or convolutions. So with voltaic elec- 
tricity : place a platinum wire in a trough of porcelain, so 
that when fused it shaD retain its position as a wire, and then 
ignite it by a voltaic batteiy. As it reaches the point of fii- 
sionit will snap asunder, showing a contraction in length, and 
conseijuenily a distension or increase in its transverse dimen- 
sions. Perform the same experiment with a lead wire, 
which can be more readily kept in a state of fusion, and fol- 
low it, as it contracts, by the terminal wires of the battery ; 
it will be seen to gather np in nodules, which press on each 
other like a string of beads of a soft material which have 
been longitudinally compressed. 

As we increase the thickness of the wires in these csper- 
iments with reference to the electrical force employed, we les- 
sen the perceptible effect : bm even in this case we shall be 
enabled safely to infer that some molecular change accompa- 
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dies the frausmiasion of electricity: the wires are tt^af cd in a 
degree decreasing as their thickness iacreases — but by in- 
creasing the delieaiy of our testa as the heating effects de- 
crease in intensity, we may indefinitely detect the angnaenta- 
tion of temperature accompanying the passage of electri- 
city — and wherever there is augmentation of temperature 
there must be espansion or chaage of position of the mole- 
cules'. 

Again, it haa been observed that wires which have for a 
long time transmittoil electricity, such aa those which have 
served as conductors for atmospheric electricity, have their 
texture changed, and are rendered brittle. In this observa- 
tion, however, though made by a skillful electrician, M. Pel- 
tier, the effects of exposure to the atmosphere, to changes of 
temperature, &e., have not been suiSciently eliminated to 
render it worlhy of entire confidence. There are, however, 
other experiments which show that the elasticity of metals is 
changed by the passage through them of the electric current. 

Thus II. Werthcim has, from an elaborate series of ex- 
periments, arrived at the coneluaion that there ia a temporary 
diminution in the coefficient of elaaticity in wirea while they 
are transmitting the electric current, which is independent of 
the heating efiect of the current. 

M. Dufour haa made a considerable number of csperi- 
naents with the view of ascertaining if any permanent change 
in metals is efieeted by electrisation. He arrives at the 'cu- 
rious result that in a copper wire through which a feeble vol- 
taic current has passed for several days, a notable diminution 
in tenacity takes place ; while, in an iron wire, the tenacity 
is increased ; and that these effects were more perceptible 
when the wires had been electrised for a long time (nineteen 
days) than for a short time (four days). The copper wire 
was, in his experimeat, not perfectly pure ; so that the effect, 
or a portion of it, might be due to the state of alloy : in the 
case of iron, the magnetic character of the metal would prob- 
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al)ly modify t!ie efffjcts, and might account for the opposite 
character of the results with these two metals. 

Matteucci has made experiments OQ the conduction of 
electricity by bismuth in direetiona parallel or transverse to 
the planes of principal cleavage, and he finds that bismuth 
conducts electricity and heat better in the direction of the 
cleavage planes thaa in that transverse to them. 

Many other experiments have been made both on the pro- 
duction of thermo-electric currents by two portions of the 
aara.e crystalline metal, but with the planes of crystallization 
arranged in difierent directions relatively to each other, and 
also on the differences in conduction of heat and electricity 
according to the direction ia which they are transmitted mth 
reference to the planes of crystallization. 

It is found, moreover, that the slightest difference in ho- 
mogeneity in the same metal enables it when beat«d to pro- 
duce a tiienao-electric current, and that metals in a state of 
fusion, in which stale they may be presumed to be homoge- 
neous throughout, give no thermo-electric current : thus, hot 
in contact with cold mercury has been shown by Mattcucci 
to give no thermo-electric current, and the same is, the case 
with portions of fiised bismuth unequally heated. 

The fact that the molecular strueture or arrangement of a 
body influences — indeed I may say determines — its conduct- 
ing power, is by no means explained by the theory of a fluid ; 
but if electricity be only a transmission of force or motion, 
the influence of the molecular state is just what would be 
expected. Carbon, ia a transparent crystalline state, as dia^ 
mond, is as perfect a non-conductor as we know ; while in an 
opaque araoi-phous state, as graphite or charcoal, it is one of 
the best conductors : thus, in the one state, it transmits light 
and stops electricity, in the other it transmits electricity and 
slops light. 

It is a circumstance worthy of remark, that the arrange- 
ment of molecules, which renders a solid body capable of 
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tranBmitting light, is moat unfavourable to its trausmission ol 
electricity, tranaparetit solids being very imperfect conductors 
of electricity ; eo all gases readily transmit light, but are 
amongst the worst conductors of electricity, if, indeed, prop- 
erlj speaking, they can he said to conduct at all. 

The conduction of electricity by difierent classes of bodies 
has been generally regarded as a question of degree ; thus 
metals were viewed as perfect conductors, charcoal loss so, 
water and other liquids aa imperfect conductors, &c. But, 
in fact, though between one metal and another the mode of 
transmission may be the same and the difference one of de- 
gree, a different naolecnlar effect obtains, when we contrast 
metals with electrolytic liquids and these with gases. 

Attenuated gases may he, in one sense, regarded as nou- 
conductora, in another, as conductors ; thus if gold-leaves ho 
made to diverge, by electrical repulsion, in air at ordinary 
pressure, they ia a short time collapse ; while in highly-rare- 
fied air, or what is commonly termed a vacuum, they remain 
divergent for days ; and yet electricity of a certain degree of 
tension passes readily across attenuated air, and with diffi- 
culty across air of ordinary density. 

Again, where the electrical terminals arc broaght to a 
state of visible ignition, there are symptoms of the transmis- 
sion of electricity of low tension across gases ; but no such 
eficcts have been detected at lower temperatures. AH this 
presents a strong argument in favour of the transmission of 
electricity across gases being effected by the disruptive dis- 
charge, and not by a conduction similar to that which takes 
place with metals or with electrolytes. 

The ordinary attractions and repulsions of electrified 
bodies prpsenfc no more difficulty when regarded as being pro- 
duced by a change in ■flio state or lelations of the matter af- 
fected, than do the attractions of the earth by the snn, or of 
a leaden ball by the earth ; the hypothesis of a fluid ia not 
Bonsidevcd necessary for the latter, and need not be so for the 



;d by Google 



ELEOTEICrrY. 99 

former class of phenomena. How the phenomena are pro- 
dnced to which the term attraction is applied is still a mys- 
tery. Newton, speaking of it, says, 'What I call attraction 
may be performed by impulse, or by some other means on 
known to me. I use that word here to signify only in gen 
eral any force by which bodies tend towards one another, 
whatsoever be the cause.' If we suppose a fluid to act in at- 
tractions and repulsions, the imponderable fluid must drag or 
push the matter with it: thus when we feel a stream of 
air rushing irom an electrified metallic point, each mtiloculo 
of air contiguous to the point being repelled, another takes 
its place, which is in ita turn repelled: — how does a hypo- 
thetic fluid assist us here ? If we say the electrical fluid re- 
pels itself, or the same electricity repels itself, we must go 
farther and assert, that it not only repels itself, but either 
eommcnicates its repulsive force to the particles of the air, or 
carries with it the particle of air in its passage. Is it not 
more easy to assume that the particle of air is in such a state 
that the ordinary forces which keep it in equilibrium ar£ dis- 
turbed by the electrical force, or force in a definite direction 
communicated to it, and that thus each particle in turn re- 
cedes from the point ? Ah this latter force is increased, not 
only does the particle of air which was contiguous to tlie me- 
tallic point recede, but the cohesion of the extreme particles 
of metal may be overcome to such an extent that these are 
detached, and the brush or spark may consist wholly or in 
part of minute particles of the metal itself thrown ofi^. Of 
this there is some evidence, though the point can hardly be 
considered as proved. A similar effect undoubtedly takes 
place with voltaic electricity, acting upon a terminal im- 
mersed in a liquid ; thus if metallic terminals of a powerful 
voltaic battery be immersed in water, metal, or the oxide of 
metal, is forcibly detached, producing great heat at the point 
of disruption. 

If we apply ourselves to the effect of electi'iciry in the 
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animal economy, we find that the first rationaio given of the 
convulsive efieet produced by transmission through the Kving 
or recently killed animal was, that electricity itself, something 
STibatantive, passed rapidly through the body, and gave rise 
to the contractions ; step by step we are now arriving at the 
eoUTiction that consecutive particles of the nerves and mus- 
cles are affected. Thus the contractions which the prepared 
kg of a frog undergoes at the moment it is submitted to a 
voltaic current, cease atler a time if the current be contin- 
ued, and are renewed on breaking the circuit, i. e. at the mo- 
ment when the current ceases to traverse it. The excitabil- 
ity of a nerve, moreover, or its power of producing muscular 
contraction, is weakened or destroyed by tlie transmission of 
electricity in one direction, while the excitability is increased 
by the transmission of electricity in the opposite direction ; 
showing that the fibre or matter itself of the nerve is changed 
by electrisation, and changed in a manner bearing a direct 
relation to the other eifects produced by electricity. 

Pprfions of muscle and of nerve present different electri- 
cal states with reference to other portions of the same muscle 
or nerve ; thus the external part of a muscle bears the same 
relation to the internal part as platinum does to zinc in the 
voltaic battery ; and delicate galvanoscopes will show electri- 
cal effects when interposed in a conducting circuit connecting 
ttie surface of a nerve with its interior portions. Matteucci 
has proved that a species of voltaic pile may be formed by a 
series of slices of muscle, so arranged that the external part 
of one slice may touch the interna! part of the next, and 

Lastly, the magnetic effects produced by electricity also 
show a change in the molecular state of the magnetic sub- 
stance affected ; as we shall see when the subject of magnet- 



I have taken in succession all the known classes of e 
trical phenomena ; and, as far as I am aware, there is nol 
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electrical effect, where, if a close inTestigation be instituted, 
and the materials chosen in a state for exhibiting minute 
changes, evidence of molecular change will not be detected ; 
thus, excepting those cases where infinitesimally small quan- 
tities of matter are acted on, and our means of detection fail, 
electrical effects are known to us only as changes of ordinary 
matter. It seems to me as easy to imagine these changes to 
be effected by a force actiag in definite directions, as by a 
fluid which has no independent or sensible existence, and 
which, it must be assumed, is associated with, or exerts a 
force acting upon ordinary matter, or matter of a different 
order from the supposed fluid. As the idea of the hypothetic 
fluid is pursued, it gradually vanishes, and resolves itself into 
the idea of force. The hypothesis of matter without weight 
presents in itseff, as I believe, latal objections to the theories 
of electrical Jluida, which are entirely removed by viewing 
electricity as force, and not as matter. 

If it be said that tlio effects we have been considering 
may still bo produced by a fluid, and that this fluid acts upon 
ordinary matter in certain cases, polarising the matter af' 
fected or arranging its particles in a definite direction, whilst 
in others, by its attractive or repulsive force, it carries with 
it portions of matter ; yet, if the fluid in itself be incapable 
of recognitioa by any test, if it be only evidenced by the 
changes which it operates in ponderable matter, the words 
fluid and force become identical in meaning ; we may as well 
say that the attraction of gravitation or weight is occasioned 
by a fluid, as that electrical changes are so. 

When, as is constantly done in common parlance, a house 
is said to be struclc, windows hroJcen, metals fused or dissipa- 
(edby tiie electrical ^uit?, are not the expressions used such 
as, if not sanctioned by habit, would seem absurd? In all 
the cases of injury done by lightning there is no fluid per- 
ceptible ; the so-called sulphurous odour is either ozone do- 
veloped by the action of electricity on atmospheric air, or tho 
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vapour of fioifie substance dissipated by tie discharge ; on the 
other hand, it seems more consonant with experience t« re- 
gard these effects as produced by force, as we have analogous 
effects produced by admitted forces, in cases where no one 
would invoke the aid of a hypothetic fluid for explanation. 
For instance, glasses may be broken by electrical discharges ; 
so may they by sonorous "vibrations. Metals electrified or 
magnetised wiU emit a sound ; so they will if struck, or if a 
musical note with which they can vibrate in unison be sounded 
near to them. 

Even chemical decomposition, in coses of feeble affinity, 
may be produced by pnrely mechanical effects. A number of 
instances of this have been collected by M. Becquerel ; and 
substances whose constituents are held together by feeble af- 
finities, such as iodide of nitrogen and similar compounds, are 
decomposed by the vibration occasioned by sound. 

If, instead of being regarded as a fluid or' imponderable 
matter sui generis, electricity be regarded as the motion of an 
e&er, equal difficulties are encountered. Assuming ether to 
pervade the pores of all bodies, is the ether a conductor or 
non-condaetor ? If the latter — that is, if the ether be incapa- 
ble of transmitting the electrical wave — the ethereal hypothe- 
sis of electricity necessarily falls ; but if the motion of the 
ether constitute what we call conduction of electricity, then 
the more porous bodies, or those most permeable by the 
ether, should be the best conductors. But this is not the case. 
If, again, the metal and the air surrounding it are both per- 
vaded by ether, why should the electrical wave affect the 
ether in the metal, and not stir that in the gas? To support 
an ethereal hypothesis of electricity, many additional and 
hardly reconcilable hypotheses must be imported. 

The fecturo and comminution of a non-conducting body, 
the fusion or dispersion of a metallic wire by the electrical 
discbarge, are effects equally difficult to conceive upon the 
hypothesis of an ethereal vibration, as upon that of a fluid, 
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but are necessary results of the sudden subversion of mole- 
cular polarisation, or of a sudden or irregular vibratory move- 
ment of the matter itself. Wa see similar effects produced 
by sonorous vibrations, which might be called conduction 
and non-conduction of sound. One body transmits sound ea- 
sily, anotber stops or deadens it, as it ia termed — i. e. dis- 
perses the vibrations, instead of continuing them in ttie same 
direction as tlie primary impulse ; and solid bodies may, as 
has been above observed, bo shivered by sudden impulses of 
sound in those cases where all the parts of the body cannot 
uniformly carry on the undulatory motion. 

The progressive stages in the History of Physical PhDoso- 
phy Trill account in a great measure for tlie adoption by the 
early electricians of the theories of fluids. 

The aneientSj when they witnessed a natural phenomenon, 
removed froni ordinary analogies, and unexplained by any 
mechanical action known to them, referred it to a soul, a 
spiritual or preternatural power : thus amber and the magnet 
were supposed by Tliales to have a soul ; the functions of 
digestion, assimilation, &c., were supposed by Paracelsus to 
be effected by a spirit (the Archjeus) . Air and gases were 
also at first deemed spiritual, but subsequently became invest- 
ed with a more material character ; and the word gas, from 
ffmf, a ghost or spirit, affords us an instance of the gradual 
transmission of a spiritual into a physical conception. 

The establishment by Torricelli of the ponderable charac- 
ter of air and gas, showed that substances which had been 
deemed spiritual and essentially different from ponderable 
matter were possessed of its attributes. A less superstitious 
mode of reasoning ensued, and now auriform fluids were 
shown to be analogous in many of their actions to liquids or 
known fluids. A belief in the existence of other fluids, differ- 
ing from air as this differed from water, grow up, and when 
a new phenomenon presented itself, recourse was had to a 
hypothetic fluid for explaining the phenomenon and connect 
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ing it with others ; the mind oace possessed of the idea of a 
fluid, goon invested it with tho necessary powers and proper- 
ties, and grafted upon it a luxurious vegetation of imaginary 
offshoots. 

lu what I am here throwing out, I ivish to guard myself 
from being supposed to state that the theory, historically 
viewed, followed exactly the dates of the discoveries which 
were effectual in changing its character ; sometimes a dis- 
covery precedes, at other times it succeeds to a change in tho 
general conxse of thought ; sometimes, and perhaps most 
frequently, it docs both — i. e. the discovery is the result of a 
tendency of the age and of the continually improved methods 
of observation, and when made, it strengthens and extends the 
views which have led to it. I thinfe the phases of thought 
which physical philosophers have gone through, will be found 
generally such as I ha,ve indicated, and that (he gradual ac- 
cumulation of discoveries which has taken place during the 
more recent periods, by showing what effects can be produced 
by dynamical causes alone, is rapidly tending to a general 
dynamical theory into which that of the imponderable fluids 
promises ultimately to merge. 

Commencing with electricity as an initiating force, we 
get motion directly produced by it in various forms ; for in- 
stance, in the attraction and repulsion of todies, evidenced by 
mobUe electrometers, such as that of Cuthbertson, where 
large masses are acted on ; the rotation of the fly-wheel, 
another form of electrical repulsion, end the deflection of 
the galvanometer needle, are also modes of palpable, visible 
motion. 

It would follow, from the reasoning in this essay, that 
when electricity performs any mechanical work which does 
not return to the maclune, electrical power is lost. It would 
be unsuitable to the scope of this work to give the mathemati- 
cal labours of M. Clausius and others here ; but the follow- 
ing experiment, which I devised for making the result evi- 
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dent to an audience at tlie Eoyal Inatitutioa, will form a 
useful illustration : — A Leyden jar, of one square foot coated 
BTirface, has its interior connected with a Cuthbertaon's elec- 
trometer, between which and the outer coating of the jai 
are a pair of discharging balls fixed at a certain distance 
(about half an inch apart). Between the Leyden jar and 
the prime conductor is inserted a snaall unit jar of nine inchea 
eurfaee, the knobs of which, are 0-2 inch apart. 

The balance of the electrometer is now fixed by a stiff 
■wire inserted between the attracting knobs, and the Leydeu 
jar charged by discharges from the unit jar. After a certain 
number of these, say twenty, the discharge of the large jar 
takes place across the half-inch interval. This may be 
viewed as the expression of electrical power received troni 
the unit jar. The experiment is now repeated, the wire 
between the balls having been removed, and therefore the 
' tip,' or the raising of the weight, is performed by the electri- 
cal repulsion and attraction of the two pairs of balls. At 
twenty discliarges of the unit jar tine balance is subverted, 
and one attracting knob drops upon the other ; but nu dis- 
cJiarye tokos flare, showing that some electricity has been lost 
or converted into the mechanical power wiiieh raised the 
balance. 

By another mode of expression, tlie electricity may bo 
supposed to he masked or analogous to latent heat, and it 
would be restored if the ball were brought back without dis- 
charge by extraneous force. If tlie discharge or other elcL- 
trical effects were the same in both cases, then, since the 
raising of the ball or weight ii an extra mechanical effort, 
and since the weight is capable by its fall of producing elec- 
tricity, heat, or other force, it would seem that force could bo 
got oat of nothing, or perpetual motion obtained. 

The above experiment is suggestive of others of a similar 
character, which may be indefinitely varied. Thus I have 
found that two balls made to diverge by eleciridty do not 
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give to aa electrometer the same amount of electricity as they 
do if, whilst similarly electrified, they are kept forcibly to- 
gether. This experiment is the converse of the former one. 
There is an advantage in electrical experimentB of this class 
as compared with those on heat, viz. that though there is no 
perfect insulation for electricity, yet our moans of insula- 
tion are immeasurably superior to any attainable for heat. 

Electricity directly produces heat, as shown in the ignited 
wire, the electric spark, and the voltaic arc : in the latter 
the most intense heat with which we are acquainted — so in- 
tense, indeed, that it cannot be measured, as every sort of 
matter is dissipated by it. 

In the phenonaenon of electrical ignition, as shown by a 
heated conjunctive wire, the relation of force and resistance, 
and the correlative character of the two forces, electricity and 
heat, are strikingly demonstrated, let a thin wire of plati- 
num join the terminals of a voltaic battery of suitable power, 
the wire will be ignited, and a certain amonnt of chemical 
action wai take place in the cells of the battery — a definite 
quantity of zinc being dissolved and of hydrogen eliminated 
in a given time. If now the platinmn wire be immersed in 
water, the heat will, from the circulating currents of the 
liquid, he more rapidly dissipated, and we shall instantly find 
tjiat the chemical action in the battery will be increased, more 
zinc wiil be' dissolved, and more hydrogen eliminated for the 
same time ; the heat being conveyed away by the water, 
more chemical action is required to generate it, just as more 
fuel is required in proportion as evaporation is more 

Reverse the esperiment, and instead of placing the wire 
in water, place it io the flame of a spirit lamp, so that the 
force of heat meets with greater resistance to its dissipation. 
We now find that the chemical action is less than in tlio firet 
or normal experiment. If the wire be placed in other differ- 
ent gaseous or liquid media, we shall find that the chemical 
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action of tLe battery will be proportioBed to the facility with 
which the heat is circulated or radiated by these media, and 
we thus establish an alternating reciprocity of action between 
these two forces : a similar reciprocity may be established 
between electricity and motion, magnetism and motion, and 
so of other forces. If it cannot be realised with all, it is 
probably because we have not yet eliminated interfering ac- 
tions. If we carefully think over the matter, wo shall, unless 
I am much mistaken, arrive at the conclusion that it cannot 
be otherwise, unless it be supposed that a force can arise from 
nothing — can exist without antecedent force, 

In the phenomenon of the voltaic arc, the electric spark, 
&c,, to which I have already adverted, electricity directly 
produces Ughi of the greatest known intensity. It directly 
produces magnetism, as shown by Oersted, who first "distinctly 
proved the connection between electricity and magnetism. 
These two forces act upon each other, not in straight lines, 
as all other known forces do, but in a rectangular direction ; 
that is, bodies affected by dynamic electricity, or the conduits 
of an electric current, tend to place magnets at right angles 
to them ; and, conversely, magnets tend to place bodies con- 
ducting electricity at right angles to them. Thus an electric 
current appears to have a magnetic action, in a direction 
cutting its own at right angles ; or, supposing its section to 
be a circle, tangential to it : if, then, we reverse the position, 
and make the electric current form a aeries of tangents to an 
imaginary cylinder, this cylinder shoidd he a magnet. This 
is effected in practice by coiling a wire as a helix or spiral, 
and this, when conducting an electrical current, is to all in- 
tents and purposes a magnet. A soft iron core placed within 
such a helis has the property of concentrating its power, and 
then we can, by connection or disconnection with the som-ce 
of electricity, instantly make or unmake a most powerful 
m agnet. 

"We may figure to the mind electrified and raagnelised 
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matter, aa linea of which the extremitlea repel eacli other in 
a definite direction ; thus, if a line A b represent a wire 
affected by electricity, and superposed on c d a wire affected 
by magQetiam, the extreme points A and » will bo repelled to 
the farthest distances from the points c and D, and the line A 
B be at right angles to the line c d ; and so, if the lines bo 
siibdiyided to aay extent, each wiU have two extremities or 
poles repulsive of those of the other. If the line of matter 
affected by electricity bo a liquid, and consequentty have 
entire mobility of particles, a continuous movement will be 
produced by magnetism, each particle successively tending, 
as it were, to fly off at a tangent from the magnet : thus, 
place a flat dish containing acidulated water on the poles of a 
powerfiil magnet, immerse the tenainaia of a voltaic battery 
in the liquid just above the magnetic poles, so that fie Hues 
of electricity and of magnetism coincide ; the water will now 
assume a movem.ent at right angles to this line, flowing con- 
finously, as if blowri by an equatorial wind, which may be 
made east or west with reference to the magnetic poles by 
altering the direction of the electrical current : a similar effect 
may be produced with mercury. These cases afford an 
additional argument to those previously mentioned of the 
particles of matter being affected by the forces of electricity 
and magnetism in a way irreconcilable with the fluid or 
ethereal hypothesis. 

The representation of transverse direction by magnetism 
and electricity appears to have led Coleridge to parallel it by 
the transverse expansion of matter, or length and breadth, 
though he injured the parallel by adding galvanism as depth ; 
whether a third force exists which may bear this relation to 
electricity and magnetism is a question upon which we have 
DO evidence. 

The ratio which the attractive magnetic force produced 
bears to the electric current producing it has been investigat- 
ed by many experimentalists and matheioatieiaiis. The data 
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so Tariabie, that it is difficult to airiye 
at definite results. Tlius the relative size of the coil and tbi> 
iron, the temper or degree of hardness of the latter, its shape, 
or the proportions of length to diameter, the number of coils 
enrrounding it, the conducting power of the metal of which 
the coils are formed, the size of the keeper or iron in which 
magnetism is induced, tLe degree of constancy of the bat- 
tery, &c., eompUcate the experiments. 

The moat trustworthy general relation which has been as- 
certained is, that the magnetic attoaetion is as the square of 
the electric force ; a result due to the researches of Lcnz and 
Jaeobi, and also of Sir "W. S. Harris. 

Lastly, electricity produces chemical lenity ; and by its 
agency we arc enabled to obtain cflects of analysis or synflie- 
sis with which ordinary cheioistry doe3 not furnish us. Of 
these efiects we have examples in the briUiaot discoveries, by 
Davy, of the alkaline metals, and in the peculiar crystalliae 
eomponnds made known by Crosse . 
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IK entering on the subject of Light, it will bo well to do* 
scribe briefly, and in a naanner as far as may be inde- 
pendent of theory, the effecta to which tho term polarisation 
has been apphed. 

When light is reflected from the surface of water, glass, 
oranany other media, it uadcrgoes a change which disables it 
from being again similarly reflected in a direction at right 
angles to that at which it has been originally reflected. 
Light so affected is said to be polarised ; it will always be 
capable of being reflected in planes parallel to the plane in 
which it has been first reflected, but incapable of being re- 
flected in planes at right angles to that plane. At pianos 
having a direction intermediate between the original plane of 
reflection, and a plane at right angles to it, the light will bo 
capable of being partially reflected, and more or less so ac- 
cording as the direction of the second plane of reflection is 
more or less coincident with the original plane. Light, again, 
when passed through a crystal of Iceland spar, is what is 
termed doubly refracted, i. e. split into two divisions or beams, 
each having half the luminosity of the original incident light ; 
each of these beams is polarised in planes at right angles to 
each other ; and if they be intercepted by the mineral tour- 
maline, one of them is absorbed, so that only one polarised 
beam emerges. Similar efiects may be prodaced by certain 
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Other reflections or refractions. A ray of light once poiaria 
ed in a certain plane continues so affected throughout ita 
whole subseqaent course ; and at any indefinite distance from 
the point where it originally underwent the change, the di- 
rection of the plane will he the same, prorided the media 
through which it is transmitted he air, water, or certain other 
transparent substances which need not be enumerated. If, 
however, the polarised ray, instead of passing through water, 
be made to pass through oil of turpentine, the definite direc- 
tion in which it is polarised will be found to be changed ; and 
the change of direction will bo greater according to the 
length of the column of interposed liquid. Instead of being 
an uniform plane, it will have a curvilinear direction, 
similar to that which a strip of card would have if forced 
along two opposite grooves of a rifle-barrel. This carious 
efiect is produced in different degrees by different media. 
The direction also varies ; the rotation, as it is termed, being 
sometimes to the right hand and aometunes to the lefl, accord- 
ing to the peculiar molecular character of the medium through 
which the polarised ray is transmitted. 

Light is, perhaps, that mode of force the reciprocal rela- 
tions of which with the others have been the least traced 
out. Until the discoveries of Niepce, Daguerre, and Talbot, 
very little could be definitely predicated of the action of light 
in producing other modes of force. Certain chemical com- 
pounds, among which stand pre-eminent the salts of aUver, 
have the property of suffering decomposition when exposed 
to light. If, for instance, recently formed chloride of silver 
be submitted to luminous rays, a partial decomposition en- 
sues ; the chlorine is separated and expelled by the action of 
light, and the silver is precipitated. By this decomposition 
the colour of the substance changes from white to blue. If 
now, paper be impregnated with chloride of silver, which can 
be done by a simple chemical process, then partially coveired 
with an opaque substance, a leaf for example, and e: 
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a strong light, the chloride will be decomposed in all those 
parts of the paper vphere the light is not intercepted, and we 
shall have, by the action of light, a white image of the leaf 
on a purple ground. If sinular paper be placed in the focus 
of a lens in a camera-obacura, the objects there depicted will 
decompose the chloride, just in the proportion in which they 
are luminous ; and thus, as the most luminous parts of the im- 
age will most darken the chloride, we shall have a picture of 
the objects with reversed lights and shadows. The picture 
thus produced would not be permanent, as subsequent expos- 
ure wowld darken the light portion of the picture ; to fix it, 
the paper must be immersed in a solution which has the pro- 
perty of dissolving chloride of silver, but not metaUic silver 
Iodide of potassium wiU effect this , and the paper bemg 
washed and dried will then preserve i permanent image of 
the depicted objects. This was the first and simple process 
of Mr. Talbot ; but it is defective as to the purposes aimed 
at, in many points. First, it is not suffitiently sensitive, re- 
quiring a strong light and a long time to produce an image , 
secondly, the lights and shadows are re\ ersed , and thirdly, 
the coarse structure of the finest paper does not admit of the 
delicate traces of objects being distinctly impressed. These 
defects have been to a great extent remedied by a process 
subsequently discovered by Mr. Talbot, and which bears his 
name," and which has led to the collodion process, and others 
unnecessary to be detailed here. 

The photographs of M. Daguerre, with which all are now 
familiar, are produced by holding a plate of highly -polished 
silver over iodine. A thin film of iodide of silver is thus 
formed on the surface of the metal ; and when these iodized 
plates arc exposed in the camera, a chemical alteration takea 
place. The portions of the plate on which the light has im- 
pinged part with some of the iodine, or are otherwise changed 
— for the theory is somewhat doubtful — soas to be capable 
of roady amalgamation. When, therefore, the plate is placed 
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ovei' the vapour of heated mercury, the mercury attaches it> 
self to tlie portions affected by light, and giYcs them a whit« 
trosted appearance ; tlie intermediate tints are less affected, 
and those paita where no light has fallen, by retaining 
^eir original polish, appear dart; the iodide of silver is 
then washed off by hyposulphite of soda, ■which has the 
property of dissolving it, and there remains a picture 
in which the lights and shadows are as in nature, and the 
molecular uniformity of the metallic surface enables the 
most microscopic details to be depicted with perfect accu- 
racy. By using cMoride of iodine, or bromide of iodine, 
instead of iodine, the equilibrium of chemical forces is ren- 
dered atiU. more unstable, so tjliat images may be taken in an 
indefinitely short period — a period practically instantaneous. 

It would be foreign to the object of this essay to enter 
upon the many beautiful details into which the science of 
photography has branched out, and the many valuable discov- 
eries and practical applications to which it has led. The 
short statement I have given above is perhaps superfluous, as, 
though they were new and surprising at the period when these 
Lectures were delivered, photographic processes have now be- 
come familiar, not only to the cultivator of science, but to 
the artist and amateur ; the important point for consideration 
here is that light will chemically or molecularly affect mat- 
ter. Not only wiH the particular compounds above selected 
as instances be changed by the action of light ; but a vast 
number of substances, both elementary and compound, are 
notably affected by this agent, even those apparently the most 
unalterable in character, such as metals : ao numerous, in- 
deed, are the substances affected, that it has been supposed, 
not without reason, that matter of every description is altered 
by exposure to light. 

The permanent impression stamped on the molecules of 
matter by light can be made to repeat itself by the same 
agency, biit always with decreasing force. Thus a pliot" 
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graph placed opposite a camera containing a sensitive plaf« 
■will be reproduced, but if the size of the image be equal to 
the picture, the second picture will be fainter than the first, 
and so on. Thus again, a photograph taken op a dull day 
cannot, by being placed in hnght synshino be made to repro- 
duce a second photograph of the ^ame size and more distinct^ 
ly marked than itself, I at least have never succeeded in 
such reproduction, and I am not aware that others have : the 
image loses in intensity as hght itself does by each transmis- 
sion. The surface of the metal or paper may ^ve a brighter 
image from, its being exposed to a more intense light, but the 
photographic details are limited to the intensity of the first 
impression, or rather to something short of this. A question 
of theoretical interest arises from the consideration of these 
reproduced photographs. We know that the luminosity of 
the image at the focus of a telescope is limited hj the area 
of the object-glass. The Image of any given object cannot 
be intensified by throwing upon it extraneous light ; it is in- 
deed diminished in intensity, and when for certain purposes 
astronomers illuminate the fields of their telescopes, they are 
obliged to he contented with a loss of intensity in the telescopic 
image. 

Now, let us suppose that the minutest details in the image 
of an object seen in a given telescope, and with a given pow' 
er, are noted ; that then a photographic plate is placed in tl 
focus of the same telescope so as to obtain a permanent ii 
pression of the image which has been viewed by the eye-glat 
Could the observer, by throwing a beam of condensed light 
upon the photograph, enable himself to bring out fresh details 
or in other words, could he use with advantage a higher pow- 
er applied to the illuminated photograph? 

It is, perhaps, hardly safe to answer ajiritD-s this quest! 
but the experiment of reproducing photographs would seem, tc 
ehow that more than the initial light cannot he got, and that wc 
cannot expect to increase telescopic power by photography, 
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thougli wc may reader observations more convenient ; may 
by its means fix images seen on rare and favourable occasions, 
and may preBcrve permanent and infallible records of the 
post state of astronomical objects. 

The eficct of light on chemical compoonds affords us a 
Btriking instance of the extent to which a force, ever active, 
may be ignored through successive ages of philosophy. If 
we suppose the walls of a laige room covered with pholo- 
grapMc apparatus, the small amount of Kght reflected from 
the face of a person situated in its centre would simulta- 
neously imprint his portrait on a multitude of recipient sur- 
faces. Were the cameras absent, but the room coated with 
photographic paper, a change would equally take place in 
every portion of it, though not a reproduction of form and 
figure. As other substances not commonly called photo- 
graphic are known to be affected by light, the list of which 
might be indefinitely extended, it becomes a curious object of 
contemplation to consider how far light is daily operating 
changes in ponderable matter — how far a force, for a long 
time recognised only in its visual effects, may be constantly 
produeing changes in the earth and atmosphere, in addition 
to the changes it produces in organised siructurea which are 
now beginning to be estensively studied. Thus every portion 
of light may be supposed to write its own history by a change 
moi-e or less permanent in ponderable matter. 

The late Mr. George Stephenson had a favourite idea, 
which would bow be recognised as more philosophical than it 
was in his day, viz. that the light, which we nightly obtain 
from coal or other fuel, was a reproduction of that which had 
at one time been absorbed by vegetable structures from the 
Bun. The conviction that the transient gleam leaves its per- 
manent impress on the world's history, also leads the mind 
to ponder over the many possible agencies of which wo of the 
present day may he as ignorant as the ancients were of the 
chemical action of light. 
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1 have used tlie term light, and affected by light, in speak- 
ing of photographic efiects ; but, though the phenomena de- 
rived their Eame from light, it has been doubted by many 
competent investigators whether the phenomena of photo- 
graphy are not mainly dependent upon a separate agent ac- 
companying light, rather than upon light itself. It is, indeed, 
difficult not to believe that a picture, taken in the focus of a 
cameraHjbscura, and which represents to the eye all the gra- 
dations of light and shade shown by the original luminous 
image, is not an effect of light ; ccrtaia it is, however, that 
the different coloured rays exercise different actions upon va- 
rious chemical compounds, and that the effects on many, per- 
haps on most of them, are not proportionate in intensity to 
the effects upon the visual organs. Those effects, however, 
appear to be more of degree than of specific difference ; and, 
without pronouncing myself positively upon the question, 
hitherto so little csamined, I think it wiU be safer to regard 
the action on photographic compounds as resulting from a 
'function of light. So viewing it, we get light as an initia- 
ting force, capable of producing, mediately or immediately, 
the other modes of force. Thus, it immediately produces 
chemical action ; and having this, we at once acquire a means 
of producing the others. At my Lectures in 1843, 1 sbowed 
an experiment by which the production of all the other modes 
of force by light is exhibited : I may here shortly describe it. 
A prepared daguerreotype plate is enclosed in a box filled 
with water, having a glass front with a shutter over it. Be- 
tween this glass and the plate ia a gridiron of sUver wire ; 
the plate is connected with one extremity of a galvanometer 
coil, and the gridiron of wire with one extremity of a Bre- 
guet'a helix — an elegant instrument, formed by a cod of two 
metals, the unequal expansion of which mdicates shght 
changes in temperature — the other extiemities o± the galva- 
nometer and hehx are connected by a wire, and the needles 
brought to zero. As soon as a beam of either daylight or 
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the oxyhydrogen light is, by raising the shatter, permitted to 
impinge upon the plate, the needles are deflected. Thus, 
light being the initiating force, we get chemical action on the 
plate, electncky circulating through the wires, magnetism in 
the coil, heat in the helis, and motion in the needles. 

If two plates of platinum be placed in acidulated water, 
and connected with a delicate galYanometer, the needle of 
this is always deflected, a result due to films of gas or other 
matter on She surface of the platinum, which no cleaning can 
remove. If, after the needle has returned to zero, which wiU 
not be the case for some hours or even days, one of the plat- 
inum surfaces be exposed to light, a fresh deflection of the 
needle takes place, due, as far as I have been able to resolve 
it, to an augmentation of the chemical action which had occa- 
sioned the ori^oal deflection, for the deviation is in the same 
direction. If, instead of white light, coloured light be per- 
mitted to impinge on the plate, the deviation is greater with 
blue than with red or yellow light, showing, in addition to 
other tests, that the eifect is not due to the heat of the sun's 
rays, as the calorifle effects of light are greater with red than 
with blue light, while the chemical effects are the inverse. 

There ore other apparently more direct agencies of light 
in producing electricity and magnetism, such as those ob- 
served by Morichini and others, as well aa its effects upon 
crystallization ; hut these results have hitherto been of so in- 
definite a character, that they can only he regarded as pre- 
senting fields for experiment, and not as proving the relations 
of light to the other forces. 

light would seem directly to produce heat in the phenom- 
ena of what is termed absorption of light : in these we find 
fliat heat is developed in some proportion to the disappear- 
ance of light. To take the old experiment of placing a se- 
ries of difierent coloured pieces of cloth uxron snow exposed 
to sunsliinc, the black cloth absorbing tic most light, and de- 
veloping the most heat, sinks more deeply in the snow than 
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any others ; the other colours or aliades of colonr sink tha 
more deeply in proportion as they absorb or cause to disap- 
pear the more light, until we come to the white cloth, which 
remains upon the surface. The heating powera of different 
colours are, however, not by any means in exact proportion 
to the intensity of their light aa affecting the visual organs. 
Thus red light, when produced by refraction from a prism of 
glass, produces greater heating effect than yeUow light in the 
phenomena of absorption, as has been observed by Sir "W. 
Herschel. The red rays appear, however, to produce a dy- 
namic effect greater than any of the others , thus they penc- 
traf« water to a greater depth than the other colours ; but, 
according to Dr. Seebeck, we get a further anomaly, viz. 
that when hght is refracted bj a pnsm of water the yeUow 
rays produce the greater heating effect. Tlie subject, there- 
fore, requires much more experiment before we can ascertain 
the rationale of the action of the forces of light and heat in 
tliis class of phenomena. 

In a former edition of this Essay, I snggcsted the follow- 
ing csperiment on this subject : — Let a beam of light be 
passed through two plates of tourmaline, or similar sub- 
stance, and the temperatare of the second plate, or that on 
which the light last impnges, be examined by a delicate ther- 
moacope, first when it is in a position to transmit the polar- 
ised beam coming from the first plate, and secondly when it 
has been turned round through an arc of 90°, and the polar- 
iaed beam is absorbed. I expected that, if the experiment 
were carefully performed, the temperature of the second plate 
would be more raised in the second case than in the first, and 
that it might afford interesting reanlts when tried with light 
of different colours. I met with difficulties in procuring a 
suitable apparatus, and was endeavouring to overcome them 
when I found that Knoblauch had, to some extent, realised 
tliia result. He finds tiiat, when a solar beam, polarised in a 
cei-taitt plane, is transmitted perpendicularly to the axis of a 
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crystal of troivn quartz or tourmaline, the heat is transmit- 
ted in a smaller proportioQ than ■when the beam passes along 
the direction of the axis of the crystal. 

It is generally — as far as I am aware, nniverfially — truo 
ihat, while light continues aa light, even though reflected or 
tranamitted by different media, little or no heat is developed : 
and, aa far aa we can judge, it would appear that, if a me- 
dium were perfectly transparent, or if a surface perfectly re- 
flected light, not the slightest heating effect would take place ; 
bnt, wherever light is absorbed, then heat takes its place, af- 
fording us apparently an instance of the conversion of light 
into heatj and of the fact that the force of light ia not, in fact, 
absorbed or annihilated, but merely changed in charaoter, 
becoming in this instance converted into heat by impinging 
on solid matter, aa in the instance mentioned ia treating of 
heat, this force was shown to be converted into light by im- 
pinging on solid matter. Ae, however, I have before ob- 
served, this correlation of light and heat is not so distinct, as 
■with the other affections of matter. One experiment, indeed, 
of Melloni, already mentioned, would seem to sho^w that 
light may exist in a condition in which it docs not produce 
heat, which our instruments are able to defect ; but some 
doubt has recently been thrown on the accuracy of this ex' 
periment ; probably the substances themselvea through which 
thb light is transmitted would be found to have been heated. 

The recipient body, or that upon which light '"mpingea, 
seems to exercise as important an infiuenee on o- r percep- 
tions of hght as the emittent body, or that from which the 
light first proceeds. The recent experiments oi Sir John 
Herschel and Mr. Stokes show that radiant impuljea, which, 
falling on certain bodies, give no effect of light, bcccme lu- 
minous when falling on other bodies. 

Thus, let ordinary solar light be refracted by v prism (the 
best material for which ia quartz), and the spectrum received 
OE a sheet of paper, or of white poi'celain ; lookin;; on the 
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paper, the eye detects no light beyond the extreme violet 
rays. If, thei^fore, an opaque body be interposed so as just 
to cut off the whole visible spectrum, the paper would be 
dark or inTisible, with the exceplion of some slight illumina- 
tion from Hght reflected by the air and surrounding bodies. 
Substitute for tliat portion of the paper which was beyond 
the visible spectrum a piece of glass tinged by the oxide of 
uranium, and the glass is perfectly visible ; so with a bottle 
of sulphate of qnioine, or of the juice of horse-chestnuts, or 
even paper soaked in these latter solutions. Olher substances 
exhibit this effect in different degrees ; and among the sub- 
stances which have hitherto been considered perfectly analo- 
gous as to their appearance when illuminated, notable differ- 
ences are discovered. Thus it appears th.^t emanations 
which give no impression of light to the eye, when imping- 
ing on certain bodies, become luminous when impinging on 
others. We might imagine a room so constructed that such 
emanations alone are permitted to enter it, winch would bo 
dark or b'ght according to the substance with which the walls 
were (S)ated, though m iiill l^yhght the respective coatings 
of the walls would appeir equally white ; or, without alter- 
ing the coating of the walls the room exposed to one class 
of rays, might be rendere I dark 1 j windows wliich would be 
transparent to another claa 

If, instead of solir h^^ht the electrical light be employed 
for similar experiment'! an equally striking effect can actually 
be produced. A design, drawn on white paper with a solu- 
tion of sulphate of quinine and tartaric acid, is invisible by 
ordinary Hght, but appears with beautiful distinctness when 
illuminated by the electric light. Thus, in pronouncing upon 
a luminous eflect, regard must be had to the recipient as well 
as to the emittcnt body. That which is, or becomes, light 
when it falls upon one body is not light when it falls upon 
another. Probably the retinse of the eyes of different per- 
sons differ to some extent in a similar manner ; and the soma 
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Hubatance, illuminated by the same spectrmn, may present 
different appearances to different persons, the spectrum ap- 
pearing more elongated to the one than to the other, bo that 
what is light to the one J3 darkness to the other. A depend- 
ence on the recipient hody laay also, to a great extent, be 
predicated of hoat. Let two vessels of Tvater, the contents 
of the one clear and transparent, of the other tinged by some 
colourmg mattei, bo suspended in a summer's sun ; in a very 
short time a notable difference of temperature will be ob- 
served, the coloured Laving become much hotter than the 
clear hquid If the first vessel be placed at a considerable 
distance from the surface of the earth, and the second near 
the surfaM, (he difference is stiE more considerable. Carry- 
ing on this experiment, and suspending the iirst over the top 
of a high mountain, and the second in a valley, we may ob 
tain BO great a difference of temperature, that animals whose 
organization is Bailed for the one temperature could not live 
in the other, and yet both are exposed to the same luminous 
rays at the same time, and STihstaatially at the same distance 
from the emittent body — the substance nearer the sun is in 
fact colder than the more remote. So, with regard to the 
medinm transmitting the influence : a green-house may have 
its temperature considerably varied by changing the glass of 
which its roof is made. 

These effects have an important hearing on certain cos- 
mical questions which have lately been much discussed, and 
should induce the greatest caution in forming opinions on 
such subjects as light and heat on the sun's surface, the tem- 
perature of the planets, &c. This may depend as much upon 
their physical constitution as upon their distance from the 
Bun. Indeed, the planet Mars gives us a highly probable ar- 
gument for this ; for, notwithstanding that it is haff as far 
again from the sun as the earth is, the increase of the white 
tracts at its poles during its winter, and their diminulion dur- 
ing its summer, show that the temperature of the surface of 
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Ihis planet oscillates about that of tie freezing point of water, 
as do the analogous zones of our planet. It is true, in this 
we assume that the substance thus changing its state is water, 
but, considering the many close analogies of this planet with 
the earth, and the identity in appearance of these very effects 
with what taies place on the earth, it seenas a highly proba- 
ble assumption. 

So it by no means necessarily foUows, that because Venus 
is nearer to the sun than the earth, that pla.net is hotter than 
our globe. The force emitted by the sun may take a differ- 
ent character at the snrface of each different planet, and 
require different organisms or senses for its appreciation. 
Myriads of organised beings may exist imperceptible to our 
vision, eyen if we were among them ; and we might be also 
imperceptible to them ! 

However vain it may be, in the present state of science, 
to speculate upon such existences, it is equally vwn to assimie 
identity or close approximations to our own forma in those 
beings which may people other worlds. From analogical 
reasoning, or from final causation, if that be admitted, we 
may feci convinced that the gorgeous globes of the universe 
are not unpeopled deserts ; but whether the denizens of otKer 
worlds are more or less powerful, more or less intelligent, 
whether they have attributes of a higher or lower class than 
ourselves, is at present an uttcriy hopeless guessing. 

Specific gravity and intelligence have no necessary con- 
uexion. On our own planet five senses, and a mean density 
equal to that of water, are not invariably associated with in- 
tellectual or moral greatness, and the many arguments which 
have been used to prove that suns and planets other than the 
earth arc uninhabited, or not inhabited by intellectual beings, 
might, mutatis mutandis, equally be used by the denizens of 
a sun or planet to prove that this world was uninhabited. 

Men xee too apt, because they are men, because their 
existence is the one thing of all importance to themselves, to 
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frame schemes of the universe as though it was formed for 
man alone : painted hy an artiat of the sun, a man might not 
represent so prominent an object of creation aa he does 
when represented hy his own pencil. 

Light was regarded, by what was termed the corpuscular 
theory, as being in ifsoif matter or a specific fluid emanating 
from luminous bodies, and producing the effects of sensation 
by impinging on the retina. Thia theory gave way to the un- 
diilatory one, which is generally adopted in the present day, 
and which regards light as resulting from the undulation of a 
specific fluid to which the name of ether has been given, 
which hypothetic fluid is supposed to pervade the universe, 
and to penetrate the pores of aE bodies. 

In a Lecture delivered in January 1842, when I first 
publicly advanced tlie views advocated in this Essay, I stated 
that it appeared to me more consistent with knowa facts to 
regard light as resulting from a vibration or motion of the 
molecules of matter itself, rather than from a specific ether 
pervading it ; jnst as sound is propagated by the vibrations 
of wood, or as waves are by water, I am not here speaking 
of the character of the vibrations of light, sound, or water, 
which are doubtless very difiereat from each other, but am 
only comparing them so far as they illustrate the propagation 
of force by motion in the matter itself. 

I was not aware, at the time that I first adopted the 
above view, and brought it forward in my Lectures, that the 
celebrated Leonard Euler had pubhshed a somewhat similar 
theory ; and, though I suggested it without knowing that it 
had been previously advanced, I should have hesitated in 
reproducing it had I not found that it was sanctioned by so 
eminent a mathematician as Eulec, who cannot be supposed 
to have overlooked any irresistible argument against it — the 
more so in a matter so much controverted and discussed as 
the undolatory theory of light was in his time. 

Although this theory has been considered defective by a 
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philosopher of high repute, I cannot aee the force of tlia 
ailments by which it has lieen assailed ; and therefore, for 
the present, though with diffidence, I still adhere to it. The 
fact itself of the correlation of the different modes of force ia 
to my mind a very cogent argument in favour of their being 
affections of tJie same matter ; and though clcotrieity, magnet 
iam, and heat might be viewed as produced by undulations of 
the same ether as that by means of which light is supposed to 
be produced, yet this hypothesis offers greater difficulties with 
regard to the other affections than with regard to light : niany 
of these difficulties I have already alluded to when treating of 
electricity ; thus conduction and non-conduction are not ex- 
plained by if ; the transmission of electricity through long 
wires in preference to the air which surrounds them, and 
which must be at least equally pervaded by the etlier, is 
irreconcilable with such an hypothesis. The phenomena ex- 
hibited by these forces afford, as I think, equally strong evi- 
dence with those of light, of ordinary matter acting from pai-- 
ticle to particle, and having no action at a distance, I have 
already instanced the experiments of Faraday on electrical 
induction, showing it to be an action of contiguous particles, 
which are strongly in favour of this view, and many experi- 
ments which I have made on the voltaic are, some of which 
I have mentioned in this Essay, are, to my mind, confirma- 
tory of it. 

If it be admitted that one of the so-calledimponderablcsis 
a mode of motion, then the fact of its being able to produce 
the others, and be produced by them, renders it highly diffi- 
cult to conceive some as molecular motions and others as 
fluids or undulations of an ether. To the main objection of 
Dr. Young, that all bodies would have the properties of solai 
phosphorus if light consisted in the undulations of ordinary 
matter, it may be answered that so many bodies have this 
property, and with so great a variety in its duration, that 
non constat all may not have it, though for a lime so short 



;d by Google 



LIGHT. 125 

thai the eye cannot det«ct its duration. M. E. Eect[uerel 
has made many experimenta which support this view ; the 
fact of the phosphorescence by insolation of a large number 
of bodies, is in itself evidene« of the matter of wlncli they are 
composed being thrown into a staffi of undulation, or at aJl 
events molecularly affected by the impact of light, and is 
therefore an argument ia support of the view to which objec- 
tion is taken. Dr. Young admits that the phenomena cf 
solar phosphorus appear to resemble greatly the sympathetic 
sounds of musical instruments, which are agitated by other 
sounds conveyed to them through the air, and I am not aware 
that he gives any explanation of these effects on the ethereal 
hypothesis. 

Some curious experiments of M. Kiepce do St. Victor 
seem also to present an analogy in luminous phenomena to 
sympathetic sounds. An engraving which has been kept for 
some days in tho dark is half covered by an opaque screen, 
and then exposed to the sun ; it is then removed from the 
light, the screen taken away, and the engraving placed oppo- 
site, and at a short distance from, photographic paper ; an 
inverted image of that portion of the engraving which has 
been exposed to the sun is produced on the photographic 
paper, while tho part which had been covered by the screen 
is not reproduced. If the engraving, after exposure, is 
atlowod to remain in contact with white paper for some hours, 
and the white paper is then placed upon photographic paper, 
a faint image of the exposed portion of tho engraving is repro- 
duced. Similar results are produced by mottled marble ex- 
posed to the sun ; an invisible tracing on paper by a fluores- 
cent body, sulphate of qainine, is, after insolation, reproduced 
on the photographic paper, insolated paperretains the power 
of producing an impression for a very long period, if it is kept 
in an opaque tube hermetically closed. 

It is right to observe that these effects are supposed by 
many to be due to chemical emanations proceeding from the 
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Bubsfnaees exposed to the sun, and which are believed to have 
undergone some chemical change by this exposure. It is 
desirable to await further experiment before forming a decid- 
ed opinion. 

The analogies in the progression of sound and light are 
very numeroua : each proceed in straight lines, until inter- 
rupted ; caeh is reflected in the same manner, the angles of 
incidence and reflexion being equal ; each is alternately nulli- 
fied and doubled in intensi^ by interference ; each is capable 
of rofracfion \vhen passing from media of different density : 
this last eflcct of sound, long ago theoretically determined, 
has been experimentally proved by Mr. Sondhauss, who con- 
structed a lens of films of collodion, which, when filled with 
carbonic acid, enabled hiia to hear the ticking of a watch 
placed in one focus of the lens, the ear of the experimenter 
being in the opposite focus. The ticting was not heard 
when the watch was moved aside from the focal point, though 
it remained at au equal distance from the etir. An experi- 
ment of M. Dove seems, indeed, to show an effect of polari- 
sation of sound. 

The phenomena presented by heat, viewed according to 
the dynamic theory, cannot be explained by the motion of an 
imponderable ether, but involve the molecular actions of 
ordinary ponderable matter. The doctrine of propagation by 
undulations of ordinary matter is very generally admitted by 
those who support the dynamical theory of heat ; but the 
analogies of the phenomena presented by beat and hght are 
90 close, that I cannot see how a theory applied to t!ie one 
agent shoidd not be appHcable to the other. When heat is 
transmitted, reflected, refracted, or polarised, can we view 
that as an affection of ordinary matter, and when the same 
effects take place with Hght, view the phenomena as pro- 
duced by an imponderable ether, and by that alone ? 

An objection that immediately occurs to the mind in 
reference to the ethereal hypothesis of light is, that the most 
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porous bodies are opaque ; cork, charcoal, pumice stone, driciJ 
and moist wood, &c,, all very porous and very light, are all 
opaque. This objeetioa is not so superficial as it might seem 
at first sight. Tiie theory which assumes that light is aa 
undulation of an ethereal mediuin pervading gross matter, 
assumes the distances between the molecules or atoms of 
matter to be very groat. Matter has been likened by Demo- 
critus, and by many modem philosophers, to the starry firma- 
ment, in which, though the individual monads are at immense 
distances from, eaeh other, yet they have in the aggregate a 
character of unify, and are firmly held by attraction in their 
respective positions and at definite distances. Now, if matter 
be built up of separate molecules, then, as far as our knowl- 
edge extends, the lightest bodies would be those in which the 
molecules are at the greatest distances, and those in which 
any undulation of a pervading medium would be the least 
interfered with by tlie separated particles — such bodies should 
consequently be the most transparent. 

If, again, the analogy of the starry firmament held good, 
in this case an undulation or wave proportioned to the indivi- 
dual monads would be broken up by the number of them, and 
the very appearaaco of continuity which results, as in the 
milky way, from each point of vision being occupied by one 
of the monads, would show that at some portion of its pro- 
gress the wave is interrupted by one of them, so that the 
whole may be viewed in some respect as a slieet of ordinary 
matter interposed in the ethereal expanse. 

Even then, if it be admitted that a highly clastic medium 
pervades the interspaces, the separate masses as a whole must 
exercise an important influence on the progress of the wave. 

Sound or vibrations of air meeting with a screen, or, as 
it were, sponge of difiiised particles, would be broken up and 
dispersed by them ; but if they be sufficiently continuous to 
take up the vibration and propagate it themselves, the sound 
continues comparatively unimpaired. 
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With regard, howeTcr, to liq^uid and gaseous bodies, tliere 
are very great difficulties in viewing them as consisting of 
separate and distant molecules. If, for instance, we assume 
with Yoimg that the particles in water are at least as distant 
from each other comparatiyely as 100 men would be if dis- 
persed at equal distances over the surface of England, the dis- 
tance o£ these particles, when the water is expanded into 
steam, would be increased more than forty times, so that the 
100 men would be reduced to two, and by further increasing 
the temperature this distance may ho indefinitely increased ; 
adding to the efieets of temperature rarefaction by the air- 
pump, we may again increase the distance, so that, if we as- 
sume any original dislance, we ought, by expansion, to in- 
crease it to a point at which the distance between molecule 
and molecule should become measurable. But no extent of 
rarefaction, whether by heat or the air-pump, or both, make^ 
the slightest change io the apparent continuity of matter ; 
and gases, I find, retain their peculiar character, as far as a 
judgment of it can be formed from its efiect on the electric 
spark, throughout any extent of rarefaction which can cxpei^ 
imentaUybo applied to them : thus the electric spark in prot- 
oxide of nitrogen, however attenuated, presents a crimson 
tint, that in carbonic oxide a greenish tint. 

Without, however, entering on the metaphysical enquiry 
OS to the constitution of matter (or whether the atomic phil- 
osophers or the followers of Boscovich are right), a question 
which probably human appliances will never answer : and 
even admitting that an ethereal medium, not absolutely im- 
ponderable as asserted by many, but of extreme tenuity, per- 
vades matter, still ordinary or non-ethereal matter itself must 
exercise a most important action upon the transmission of 
light ; and Dr. Young, who opposed the theory of Euler, that 
light was transmitted by undulations of gross matter itself, 
just as sound is, was ailerwards obliged to call to liis assis- 
tance the vibrations of the ponderable matter of the refract- 
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ing'media, fo explain why rays of all colours were not equal- 
ly refracted, and otlier ditiicitlties. One of hia arguments in 
support of the existence of a permeating ether was, " that a 
medium resembling in many properties that which has been 
denominated Ether does exist, is undeniably proved by the 
phenomena of electricity." This seems to me, if I oiay ven- 
ture to say ao of anything proceeding from so eminent a man, 
scarcely logical : it is supporting one hypothesis by another, 
and considering that to be proved which its most strenuous 
advocates admit to be surrounded by very many difficulties. 

If it be said that there is not sufficient elasticity in ordi- 
nary matter for the transmission of undulations with such ve- 
locity as hght is known to travel, this may be so if the vibra- 
tions be supposed exactly analogous to those of sound ; but 
that molecular motion can travel with equal and even greater 
velocity than light, is shown by the rapidity with which elec- 
ti-icity traverses a metal wire where each particle of metal is 
undoubtedly affected. It has, moreover, been shown by the 
experiments of Mr. Latimer Clarke upon a length of wire 
of 760 miles, that whatever be the intensity of electrical cur- 
rents, they are propagated with the same velocity provided 
the etfects of lateral induction be the same — a striking anal- 
ogy with one of the effects observed in the propagation of 
light and sound. The effects observed by MM. Fizeau and 
Foucault, of the slower progression of light in proportion as 
tho transmitting medium is more dense, seem to me infavonr 
of the view here advocated ; as a greater degree of heat 
^vould be produced by light in proportion to the density of 
the medium, force would be thus carried off, and the molecular 
system disturbed so that the progress of tie motion should be 
more slow ; but so many considerations enter into tliis question, 
and the phenomena are so extremely complex, that it would 
be rash to hazard any positive opinion. 

Dr. Young ultimately came to the conclusion that it was 
simplest to consider the ethereal medium, together with tha 
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material atoms of the substance, as onBlifutiiig tugether a 
compound medium denser than pure etlier, Init not m.ore elas- 
tic. Ether might thus be viewed as performing the functions 
which oil does with tracing paper, giving continuity to the 
particles of gross matter, and in the interplanetary spaces 
forming itself the medium whii-h transmits the undulations. 

Since the period when Iluyghens, Euler, and Young, the 
fathers of the undulatory theory, applied their great minds to 
this subject, amass of experimental data has accumulate J, 
all lending to establish the propositions, that whenever mattiT 
transmitting or reflectiug light undergoes a structural changa, 
the light itself is affected, and that there is a connection or 
parallelism between the change in She matter and the change 
in the affection of light, and conversely that light will niodiiy 
or change the structure of matter and impress its molecules 
with new characteristics. 

Transparency, opacity, refraction, reflection, and colour 
were phenomena known to the ancients, but sufScient attention 
does not appear to have been paid by them to the molecular 
states of the bodies producing these effects ; thus the trans- 
parency or opacity of a body appears to depend entirelyupon 
its molecular arrangement. If striso occur in a lens or glass 
tlirough which ohjeets are viewed, the objects arc distorted: 
increase the number of these striffi, the distortion is so in- 
creased that the ohjeets become invisible, and the glass ceases 
to be transparent, though remaining translucent ; but alter 
completely the molecular structure, as by slow solidification, 
end it beeonios opaque. Take, again, an example of a liquid 
and a gas : a solution of soap is transparent, air is transpar- 
ent, but agitate them together so as to form a froth or lather, 
and this, though consisting of two transparent bodies, is 
opaque ; and the reflection of light from the surface of these 
bodies, when so intermixed, is strikingly ditferent from its re- 
fleclion before mixture, in the one case giving to the eye a 
mere general effect of whiteness, in the other the images of 
ohjecta in their proper shapes and colours. 
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To take a more refined instattee : nitrogen is perfectly 
colourless, oxygen is perfectly colourless, but chemieally uni- 
ted in certain proportions tLey form nitrous acid, a gas which 
liaa a deep orange brown colour. I know not Low the col- 
our of this gas, or of such gases as chlorine or vapour of 
iodine, can be accounted for by the ethereal hypothesis, with- 
out calling in aid molecular affections of the matter of tliese 

Colour in many instances depends upon the thickness of 
the plate or film of transparent matter upon which light is in- 
cident ; as in all tiioae cases which are termed the colours of 
thin plates, of which the soap bubble affords a beautiful in- 
stance. 

When wo arrive at the more recent discoveries of double 
refraction and polarisation, the effects of light are found to 
trace out as it were the structure of the matter affected, and 
the crystalline form of a body can be determined by the 
effects which a minute portion of it exercises on a ray of 
light. 

Let a piece of good glass be placed in what is called a 
polariscope, or instrument in which light that has undergone 
polarisation is transmitted through the substance to be exam- 
ined, and the emergent light is afterwards submitted to anoth- 
er substance capable of polarising light, or, as it is termed, an 
analyser ; no change in effect will be observed. Remove the 
glass, heat it and suddenly or quickly cool it as to render it 
anannealed, in which state its molecules are in a state of 
tension or strain, and the glass highly brittle, on replacing it 
In the polariscope, a beautiful series of colours is perceptible, 
[nstead of subjecting the glass to heat and sudden cooling, 
let it be bent or strained by mechanical pressure, and the coi- 
onrs win be equally visible, modified, according to the direc- 
tion of the flexure, and indicating by their course the curves 
where the molecular state has been changed by pressure. So 
if tough glue be elongated and allowed to cool in a stretched 
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state, it doubly refracts light, and the colours are sho\';n as in 
the instance of glass. 

Submit a series of -crystals to the same examination, and 
different figures wiU be formed by different crystals, bearing 
a constant and definite relation to the structure of the partic- 
ular crystal csamined, and to the direction in which, with 
reference to crystalline form, the ray crosses the crystal. 

In the crystallised salts of paratarfaric acidj M. Pasteur 
noticed two sets of crystals ivhich ivere hemihedral in oppo- 
site directions, i. e. the crystals of one set ivere to those of 
the other as to their own image reflected in a mirror ; or. 
maHng a separate solution of each of these classes of crys- 
tals, he found that the solution of the one class rotated tlie 
plane of polarisation to the right, ivhile that of the other 
class rotated to the left, and that a mistnre in proper propor- 
tions of the two solutions produced no deviation in the piano 
of polarisation. Yet all these three solutions are what is term- 
ed isomeric, that is, have as far as can be dIseoTeredthe same 
chemical constitution. 

In the above, and in innumerable other cases, it is seen 
that an alteration in the structure of a transparent substance 
alters the character and effects of tlie transmitted light. The 
phenomena of photography prove that light alters the struc- 
ttu'e of matter submitted to it ; with regard even to vision it- 
self, the persistence of images on the retina of the eye would 
seem to show that its structure was changed by the impact 
of. light, the luminous impressions being as it were branded 
on the retina, and the memory of the vision being the Bear of 
BUch brand. The science of photography has reference naain- 
ly to solid substances, yet there are many instances of liquid 
and gaseous bodies being changed by the action of light : thua 
hydrocyanic acid, a liquid, undergoes a chemical change and 
deposits a solid carbonaceous compound by the action of 
light. Chlorine and hydrogen gases, when mixed and pre- 
eerved in darkness, do not unite, but when exposed to light 
rapidly combine, forming hydrochloric acid. 
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The above facts — and. many others might have been given 
—go far to connect light with motion of ordinary matter, and 
to show that many of the evidencea which our senses receive 
of tie esistence of light result from changes in matter itscF. 
When the matter is in the solid state, these changes are more 
or leaa permanent ; when in the liquid or gaseous state, they 
are temporary in the greater numher of instances, unless there 
be soma chemical change effected, whicli is, as it were, seized 
upon during its occurrence, and a resulting compound formed, 
which is more stable tJian tl:e original compound or mix- 

I might weary my reader with examples, showing that, 
in every case which we can trace out, the effects of light are 
changed by any and every change of structure, and that light 
has a definite connection with the atnicture of the bodies 
affected by it. I cannot but think that it is a strong assump- 
tion to regard ether, a purely hypothetical creation, as chang- 
ing its elasticity for each change of structure, and to regard 
it aa penetrating the porsa of bodies of whose porosity we 
have in many cases no proof; the which pores must, more- 
over, have a definite and peculiar communication, also assumed 
for the purpose of tte theory. 

Ether is a most convenient medium for hypothesis : thus, 
if to account for a given phenomenon the hypothesis requires 
that the ether be more elastic, it is said to be more elastic ; 
if more dense, it is said to be more dense ; if it be required 
by hypothesis to be less elastic, it is pronounced to be lesa 
elastic ; and so on. 

Tlie advocates of the ethereal hypothesis certainly have 
this advantage, that the ether, being hypothetical, can have 
ita characters modified or changed without any possibility of 
disproof either of its existence or modificatiooe, 

It may be tliat the refined mathematical labours on 
light, as on electricity, have given an undue and adventitious 
etrength to the hypotheses on which they are based. 
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An objection to wMch the view I have been advocating ia 
open, and a formidaljle one, is, the necessity involved in it of 
an universal plennm; forif light, heat, electricity, &c., he affec- 
tions of ordinary matter, then matter must be supposed to be 
everywhere where these plicnomena are apparent, and cen- 
se qnentiy there can he no vacuum. 

These forces are transmitted through what arc called 
vacua, or through tbe interplanetary spaces, where matter, if 
it exist, must be in a highly attenuated state. 

It may be safely stated that hitherto all attempts at pro- 
curing a perfect vaouum have failed. The ordinary air- 
pnmp gives us only highly rarefied air ; and, by the principle 
of construction, even of the best, the operation depends upon 
the indefinite expansion of tho volume of air in the receiver ; 
even in the vacuum which is formed in this, so great is the 
tendency of matter to fill up space, that I have observed dis- 
tilled water contained in a vessel within the exhausted receiv- 
er of a good air-pump has a taste of tallow, derived from the 
grease, or an essential oil contained in it, which is used to 
form an air-tight junction between .the edges of the receiver 
and the pump-plate. 

The Torricellian vacuum, or that of the ordinary baro- 
meter, is filled with the vapour of mercary ; but it might be 
worth the trouble to ascertain what would be the effect of a 
good Torricellian vacuum, when the mercury in the tube is 
frozen, which might, without much difliciilty, be now effected 
by the use of solid carbonic acid and ether ; the only proba- 
ble difficulty would be the different rates of contraction of 
mercury and glass, at such, a degree of cold, and more par- 
ticularly the contraction of mercury at the period of its 
solidification. Davy, however, endeavoured to form, a 
vacuum, in a somewhat similar manner, over fused tin, with 
but partial success ; he also made many other attempts to 
obtain a perfect vacuum ; his main object being to ascertain 
What would bo tho effect of electricity across empty space : 
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lie admits tliat he coiild not succeed ia procuring a vacuum, 
but found electricity much less readily conducted or trans- 
mitted by the best vacuum he could procure than by the ordi- 
nary Boylean vacuum. 

Morgan found no conduction by a good Torricellian vao- 
ii nm ; and, although Davy does not Seem to placo much rehaace 
on Morgan's experiments, there ■was one point in which they 
were less liable to error than those of Davy, Morgan, whose 
experiments seem to have been carefully conducted, operated 
with hermetically-sealed glass tubes aad by induced electricity, 
while Davy sealed a platinum wire into the extreiaity of the 
tube JQ which he sought to produce a vacuum. I have found 
in very numerous experiments which I made to exclude air 
from water, that platinum wires, most carefully sealed into 
glass, allow liquids to pass between tliem and the glass ; and 
this gives every reason to believe that gases may equally pass 
through ; I have observed such effect in the gas battery when 
it has been in action for a long period. Davy supposed that 
the partidea of bodies may be detached, and ho produce elec- 
trical eficeta in a vacumm ; and such efieels would more readr 
ily take place in his experiments, where a wire projected 
into the exhausted space, than in Morgan's, where the in- 
duced electricity was diffused over the surface of the glass. 

M. Masson found that the barometric vacuum does not 
conduct a current of electricity, or even a discharge, unless 
the tension is considerable and suflicient to detach parllcles 
from the electrodes ; and by adopting a plan of Dr. An- 
drews, viz. absorbing carbonic acid by potash, M. Gassiot 
has recently succeeded in formin": vacua across which 
the powerful discharge from the Ehumkorf coil will not 
pass. 

The odour which many metals, such as iron, tin, and 
sine emit, and the so-called thermographic radiations, wo 
can hardly explain upon any other theory than the evapora- 
tion of an infiMtcsimaily small porliou of the metaJ itself. 
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So universal is the tendency of matter to diffuse itself 
into space, that it gave rise to the old saying that nature 
athore a vacuum ; an aphorism which, though cavilled at and 
ridiculed by the self-sufficiency of some modem philosophers, 
contains in a terse, though somewhat metaphorical, form of 
expression a comprehensive truth, and evinces a large extent 
of observation in those who, with few of the advantages whicli 
we possess, first generalised by this sentence the facts of 
which they had become cognisant. 

It has been argued fiat, if matter were capable of infinite 
divisibility, the earth's atmosphere would have no limit, and 
that consequently portions of it would exist at points of space 
where the attraction of the sun and planets would be greater 
than that of the earth, and whence it would fly off to those 
bodies and form atmospheres around them. This was sup- 
posed to he negatived by the argument of the well-known 
paper of Dr. Wollaston ; in which, from the absence of nota- 
ble refraction near the margin of the sun and of the planet 
Jupiter, he considered himself entitled to conclude that the 
expansion of the earth's atmosphere had a definite limit, and 
was balanced at a certain point by gravitation : this deduc- 
tion has been shown to be inconclusive by Dr. 'WlieiveU, and 
has also been impugned upon others grounds by Dr. WUson. 
There is a point not adverted to in these papers, aad which 
"Wollaaton does not seem to have considered, viz. that there 
is no evidence that the apparent discs of tlie sun and of Jupi- 
ter show us their real discs or bodies. Sir. W. Herschel 
regards the margin of the visible discs as that of clouds or a 
pecuHar state of atmosphere, and the rapidly changing char- 
acter of the apparent surfaces render some such conclusion 
necessary. If tliia be so, refraction of an occulted star could 
not he detected — at all events, in the denser portion of the 
atmosphere. 

Sir W. Ilerschel's observations go to prove that the 
iun and Jupiter have dense atmospheres, wbUc "Wollasfon'a 
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were Iwli^ved tn proTu that (hey lla^e no appreciable almoa 
pheres. 

If it be aiimitted, or considered pi-oied, tliat llie buq and 
planets have atmosrhcref — and little doubt now exists on this 
point — then the grounds npon ■niich Wollaston founded his 
arguments are untenable : and there appears no reason why 
the almosphei'e of the different planets should not be, with 
reference to each other, in a stale of equilibrium. Ether, or 
the highly-attenuated matter existing in the interplanetary 
spaces, being aa expansion of some or all of these atmos- 
pheres, or of the more volatile portions of them, would thus 
furnish matter for the transmission of the modes of motion 
which we call light, heat, &c. ; and possibly minute portions 
of these atmo&phercs may, hy gradoal changes, pass from 
planet to planet, forming a link of material communication 
between the distant monads of the uniperse. 

The view given above would approximate the theory of 
the transmission of light by tie undulations of ordinary mat- 
ter to the other two theories, which equally suppose the non- 
existence of a vacuum; for, according to the emissive ot 
corpuscular theory, the vacuum is filled by the matter itself, 
of light, heat, &c. ; according to the ethereal, it is fiDed by 
the all-penetrating ether. Of the existence of matter in the 
interplanetary spaces wc have some evidence in the diminish- 
ing periods of comets ; and where, from its highly attenuated 
state, the character of the medium by which the forces are 
conveyed cannot be tested, the term ether is a most appropri- 
ate generic name for such medium. 

Newton has some curious passages on the subject matter 
of light. In the ' Queries to the Optics ' he says : — 

'Are not gross bodies and light convertible into one 

another, end may not bodies receive much of their activity 

from the particles of light which enter their composition? 

• * * The changing of bodies into light and light into 

bodies is very conformable to the course of nature, which 
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Beema delighted with transmutations. "Water, which ia a 
very fluid, tasteless salt, ^e changes hy heat into vapour, 
which is a sort of air, and by cold into ice, which is a hard, 
pellucid, brittle, fusible stone, and this stone returns into 
water by heat, and vapour returns into water hy cold. * * 
And, among such various and strange transmutations, why 
may cot nature change liodics into light, and light into 
bodies t ' 

Newton has here seemingly in his mind the emissive 
theory of light ; bat the passages might be applied to either 
theory ; the analogy be saw ia the change of stale of matter, 
as in ice, water, and vapour, with the hypothetic change into 
light, is very striking, and would seem to show that ho regard- 
ed the change or transmutation of which he speaks as one 
analogous to the known changes of state, or consistence, in 
ordinary matter. 

The difference between the view which 1 am advocating 
and that of the ethereal theory as generally enunciated is, 
that the matter which in the interplanetary spaces serves as 
the means of transmitting by its undulations light and heat, I 
should regard as possessing the quaHties of ordinary, or as it 
has sometimes been called gross, matter, and particularly 
weight ; though, from its extreme rarefaction, it would mani- 
fest these properties in an indefinitely small degree ; whilst, on 
the surface of the earth, that matter attains a density cognisa- 
ble by our means of experiment, and the dense matter is 
itself, in great part, the conveyer of the undulations in which 
these agents consist. Doubtless, in xejj many of the forms 
. which matter assumes it is porous, and pervaded by more 
volatile essences, which may differ as much in kind as matter 
docs. In these cases a composite medium, such as that indi- 
cated by Dr. Young, would result ; bat even on such a suppo- 
sition, the denser matter wonld probably exorcise the more 
important influence on the undulations. Returning to the 
somewhat strained hypothesis, that the particles of dense 
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matter ja a so-called solid are aa distant as the stars in heavei 
Btill a certain depth or thickness of such sohd would presei 
at every point of space a particle or rock in the successive 
progress of & wave, which, particles, to carry on the move 
ment, must vihrate in unison vritli it. 

At the utmost, our assumption, on the one hand, is tha 
wherever light, heat, &c., exist, ordinary matter exists, though 
it may be so attenuated tliat we cannot recognise it by tiie 
tests of other forces, such as graTitation, and that to the 
pansibility of matter no limit can be assigned. On the other 
hand, a specific matter without weight must be assumed, o" 
the existence of wMch there is no evidence, but in the phi 
nonaena for the explanation of which its existence is suppose( 
To account for the phenomena the ether is assumed, and to 
prove the existence of the ether the phenomena are cited. 
For these reasons, and others above given, I think that the 
assumption of the universality of ordinary matter is the least 
gratuitous. 



A question has often occurred to me and possibly to oth- 
ers : Is the continuance of a luminous impulse in the inter- 
planetary spaces perpetual, or does it after a certain distance 
dissipate itaelf and become lost as hght — I do not mean by 
mere divergence directly as the squares of the distances 
travels, bat does tlie physical impulse itself lose force as 
proceeds? Upon the view I have advocated, and indeed 
upon any undnlatory hypothesis, there must be some resist-- 
ance io its progress ; and unless the matter or ether in the 
interplanetary spaces be infinitely elastic, and there be no 
lateral action of a ray of light, there must ho some loss. 
That it is exceedingly minute is proved by the distance light 
travels. Stars whose parallax is ascertained are at such a 
distance from the earth that their light, travelling at the rate 
of 192,500 miles in a second, takes more than ten years to 
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reach the earth ; so that we see them as they existed ten 
years ago. The distance of most viaihle stars is probably far 
greater than this, and yet their brilliance is great, and in- 
creases when their rays are coUeeted by the telescope in pro- 
portion ceteru pariius to the area of the object-glass or spec- 
ulum. There is, however, an argument of a somewhat spec- 
ulative character, by which light would seem to be lost or 
transformed into some other force in the interplanetary spaces. 

Every increase of space-penetrating power in the tele- 
scope gives us a new field of visible stars. K this expansion 
of the st«llar universe go on indefinitely and no hght be lost, 
then, assuming the fixed stars to be of an average equal 
brightness with our sua, and no hght lost other than by diver- 
gence, the night ought to be equally laminous with the day ; 
for though the light from each point diminishes in intensity 
OS the sqaare of the distojiee, the number of luminous points 
would fill up the whole space around us ; and if every point 
of space is occupied by an eqaally brilliant point of light, the 
distance of the points becomes immaterial. The loss of light 
intercepted by stellar bodies would make no difference in the 
total quantity of light, for each of these would yield from its 
own aelf-luminosity at least as much light as it intercepted. 
Light may, however, be intercepted by opaque bodies, such 
as planets ; but, mating every allowance for these, it is difii- 
cult to understand why we get so little light at night from the 
stellar universe, without assuming that some light is lost in its 
progress tirough spaco^ — not lost absolutely, for that would be 
an annihilation of force — but converted into some other mode 
of motion. • 

It may be objected that this hypothesis assumes the stel- 
lar universe to be illimitable : if pushed to its extreme so as 
to make the light of night equal that of day, provided no 
stellar light be lost, it does make this assumption ; but even 
this is a far more rational assumption to make than that tho 
stellar universe is limited. Our experience gives no indica 
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tion of a limit ; each improvement in telescopic power givea 
ua new realms of stars or of nebnlic, whicli, if not stellar 
dusters, are at all eventa self-luminous matter ; and if we as- 
sume a limit, wliat is it? We cannot conceive ft physical 
boundary, for then immediately comes the question, what 
bounds the boundary? and to suppose the stellar imiverse to 
be bounded by infinite space or by infinite chaos, that is to 
Bay, to suppose a spot — for it would then become so— of mat- 
ter in definite forms, with definite forces, and probably teem- 
ing with definite organic beings, plunged in a universe of 
nothing, is to my mind at least far more unphHosophical than 
to suppose a boundless universe of matter existing in forms 
and actions analogous to those which, as far as our examina- 
tion goes, pervade space. But without speculating on topics 
in which the mind loses itself, it may not unreasonably be 
expected tliat a greater amount of light would reach us from 
the surrounding self-luminous spheres were not some portion 
lost as light, by its action on the medium which conveys the 
impulses. "What force this becomes, or what it effects, it 
would be idle to speculate upon. 
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VI.— MAGITETISM. 

MAG-NETISM, afi was proved by the imporlant discor- 
ery of Faraday, ■will produce electricity, but with this 
peculiarity — that in itself it is static ; and, therefore, to pro- 
duce a dynamic force, motion must be superadded to it ! it is, 
in fact, directive, not motive, altering the direction of other 
forces, but not, io strictness, initiating them. It is difBcult 
to convey a definite notion of the force of magnetism, and of 
the mode in which it affects other forces. The following il- 
lustration may give a rude idea of magnetic polarity. Sup- 
pose a number of wind-yanes, say of the shape of arrows, 
with tiio spindles on which they Tevolve arranged in a row, 
but the vanes pointing in various directions ; a wind blowing 
from the same point with an uniform velocity will instantlj 
arrange these vanes in a deiinite direction, the arrow-heads 
or narrow parts pointing one way, the swallow-tails or broad 
parts another. If they be delicately suspended on their spin- 
dles, a very gentle breeze will so arrange them, and a very 
gentle breeze will again deflect them ; or, if the wind cease, 
and they have been originally subject to other forces, such as 
gravity from unequal suspension, they wUl return to irregu- 
lar positions, themselves creating a slight breeze by their re- 
turn. Such a state of tilings will represent the state of the 
molecules of soil iron ; electricity acting on them — not indeed 
in straight lines, but in a definite direction — produces a polar 
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arrangement, wliich they will lose as soon as the dynamic in- 
ducing force is removed. 

Let lis now suppose the vanes, instead of turning easily, 
to bo more stiffly fixed to the axles, so as to hs turned with 
difficulty I it will require a stronger wind to move them, and 
arrange them definitely ; hut when so arranged, they will re- 
tain their position ; and should a gentle breeze spring up in 
another direction, it wiU not alter their position, but will it- 
self be definitely deflected. Should the conditions of force 
and stability be intermediate, both the breeze and tie vanea 
will be slightly deflected ; or, if Uiere be no breeze, and the 
spindles he aU moved in any direction, preserving their linear 
relation, they will themselves create a breeze. Thus it is 
with the molecules of hard iron or steel in permanent mag- 
nets; they are polarisetl with greater difficulty, but, when so 
polarised, they cannot he affected by a feeble current of elec- 
tricity. Again, if the magnets be moved, they themselves 
originate a current of electricity ; and, lastly, Ihe magnetic 
polarity and the electric current may be both mutually af- 
fected, if tiie degrees of motion and stability be intermediate. 

The above instance will, of course, be taken only as an 
approximation, and not as binding me to any closer analogy 
than is generally expected of a mechanical illustration. It 
is difficult to convey by words a definite idea of the dual or 
antithetic diaracter of force involved in the term polarity. 
The illustration 1 have employed may, I hope, somewhat aid 
in elucidatiug the manner in which magnetism acts on the 
oflier dynamic forces ; i. e,, definitely directing them, but not 
initiating them, except while in motion. 

Magnets being moved in the direction of lines, joining 
their poles, produce electrical currents in such neighbouring 
bodies as are conductors of electricity", in directions trans- 
verse to the line of motion ; and if the direction of motion 
or the position of the magnetic poles be reversed, the current 
of electricity flows in a reverse direction. So if the magnet 
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be staliunai'y, coni^ucting bodies moved acrose any of the 
lines of magnetic force, I. e, lines in the direction of which 
the mutual action of the poles of the magnet would place 
minute portions of iron, have curreuta of electricity devel- 
oped in therei, the direction of wh'ch is dependent upon that 
of the motion of the sahstance with reference to the magnet'c 
poles. Thus, as bodies affected by an electrical current aic 
definitely moved by a magnet in proximity to them, so ron- 
versely bodiea moved near a magnet liai-e an electiical cur- 
rent developed in them, llagnetism can, then, through the 
medium of electricity, produce heat, light, and cJumical aijiii- 
ity. Motion it can directly produce under the above condi- 
tions ; i, a. a magnet being itself moved wiH mo^ e other fer- 
reous bodies : these mU acquire a static condition of equilib- 
rium, and be again moved when the magnet is also moved. 
By motion or arrested motion only, could the phenomena of 
magnetism ever have becoTO.c known to vs. A magnet, Jiow- 
ever powerful, might rest for ever unnoticed and unknown, 
unless it were moied near to iron, or iron moved near to it, 
BO as to come within the sphere ot its atlriction. 

But even VMth other th'in either mii^ne tic or electrified 
substances, all bodies ■wdl be moved when placed near the 
poles of very powerful magnets — some tikmg a, position ax- 
ially, or in the hue from pole to p jle of the magnet ; others 
eqnatorially, or in a direction transverse to that line — the 
former being aftrii ti,d, the latlei appaiently repelled, by the 
poles of the mignct Th(,so effects, according to the views 
of Faraday, ihow a generic difference between the two 
classes of bodies, magnetics and diamagnetics ; according to 
others, a dlffeience ot degree or a resultant of magnetic ac- 
tion; tiie less magnetn, substance being toiced into a trans- 
verse position by the magnefisition oi the more magnetic 
medium Tviiich surrounds it 

According to the view given above, magnetism maybe 
produced by the other forces, juft as the vanes in 
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givea are definitely deflected, but cannot produce them except 
whea in motiou : motion, therefore, is to be regarded in this 
case as t!ic initiative force. Magnetism will, however, di- 
rectly aiFeet the other forces — light, heat, and chemical a£Bn- 
ity, and change their direction or mode of action', or, at all 
events, will so affect matter subjected to these forces, that 
their direction is changed. Since these lectures were deliv- 
ered, Faraday has discovered a remarkable effect of the mag- 
netic force in occasioning the deflection ,of a ray of polarised 
hght. 

If a ray of polarised light pass through water, or througii 
any transparent liquid or solid which does not alter or turn 
aside the plane of polarisation, and the column, say of water, 
through which it passes be subjected to the action of a pow- 
erful magnet, the line of magnetic force, or that which would 
unite the poles of the magnet, being in the sam.e direction as 
the ray of polarised hght, the water acquires, with reference 
to the light, similar, though not quite identical, properties to 
oil of turpentine — the plane of polarisation is rotated, and 
the direction of this rotation is changed by changing the di- 
rection of the magnetic force : thus, if we suppose a polar- 
ised ray to pass first in its course the north pole of the mag- 
net, tlicn between that and the south pole it will be deflected, 
or curved to the right ; while if it meets the south pole first 
io its course, it will, in its journey between that and the north 
pole, be turned to the left. If the substance through which 
the ray is transmitted be of itself capable of deflecting the 
plane of polarisation, as, for instance, oil of turpentine, then 
the magnetic infiucnco will increase or diminish this rotation, 
according to its direction. A similar effect to tliis is observed 
with polarised heat when the medium through which it is 
transmitted is sohjected to magnetic influence. 

Whether this effect of magnetism is rightly termed an ef- 
fect upon light and heat, or is a molecular change of the mat- 
ter transmitting the light and heat, is a question the resolu- 
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tion of which must be left to the future ; at present, the aw 
swer to it would depend upon the theory we adopt. If the 
view of light and heat which I have stattd be adopted, then 
we may fairly eay that magnetism, in these experiments, di- 
rectly affects the other forces ; for light and heat being, ac- 
cordiBg to that view, m.otioiis of ordinary matter, magnetism, 
in affecting these movements, affects the forces which occa- 
sion them. If, however, the other tlieories be adhered to, it 
would be more consi3f«nt with the facts to view these results 
as exhibiting an action upon the matter itself, and the heat 
and light as secondarily affected. 

When substances are undergoing chemical changes, and a 
magnet ig brought near them, the direction or lines of action 
of the chemical force will be changed. There are many old 
experiments which probably depended on this effect, but 
which were erroneously considered to prove that permanent 
magnetism could produce or increase chemical action : these 
have recently been extended and explained by Mr. Hunt and 
Mr. Waitmann, and are now better understood. 

The above cases are applicable to tlie subject of (he pres- 
ent Essay, inasmuch as they show a relation to exist between 
magnetic and the other forces, which relation is, in all proba- 
bility, reciprocal ; but in these cases there is not a production 
of light, heat, or chemical afSnity, by magnetism, but a change 
in their direction or mode of action. 

There is, however, that which may be viewed as a dy- 
namic condition of magnetism ; i. c. its. condition at the com- 
mencement and the termination, or during the increment or 
decrement of its development. "WTiUe iron or steel is being 
rendered magnetic, and as it progresses from its non-magnetio 
to its maximum magnetic state, or recedes from its masimum 
to aero, it exhibits a dynamic force ; the molecnlcB are, it 
may be inferred, in motion. Similar effects can then bo pro- 
duced to those which are produced by a magnet whilst in mo- 
tion. 
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An experiment wMdi I puUislied in 1845 tends, I flimk 
to illustrate this, and in some degree to show the character 
of the motion impressed upon the molecules of a magnetio 
metal at the period of magnetisation. A tube filled with the 
liquid in which magnetic oxide of iron had been prepared, 
and terminated at each end by plates of glass, ia sarrounded 
by a coil of coated wire. To a spectator looking through this 
tube a flash of light is perceptible whenever the coil is elec- 
trised, and less light is transmitted when the electrical current 
ceases, showing a symmetrical arrangement of the minute 
particles of magnetic oxide wliile under the magnetic in- 
flnencc. 

In this experiment it should be borne in mind, that the 
particles of oxide of iron are not shaped by the hand of man, 
as would be the case with iron filings, or similar minate por- 
tions of magnetic matter, but being chemically precipitated, 
are of the form given to them by nature. 

Wbile magnetism is in the state of change above described, 
it will produce the other forces ; but it may be said, while 
magnetism is thus progressive, some other force is acting on 
it, and therefore it does not initiate: this is true, but the 
same may be said of all the other forces ; they have no com- 
mencement that wo can trace. We must ever refer them 
back to some antecedent force equal in amount to that pro- 
duced, and therefore the word initiation cannot in strictness 
apply, but must only be taken as signifying the force selected 
as the first : this is another reason why the idea of abstract 
causation is inapplicable to physical production. To thia 
point I shall again advert. 

Electricity may thus be produced directly by magnetism, 
either when the magnet as a mass ia in motion, or when its 
magnetism is commencing, increasing, decreasing, or ceasing ; 
and heat may similarly be directly produced by magnetism. 
I have, since the firet edition of this Essay was published, 
communicated to the Royal Society a paper by which I think 
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I have eatisfactorily proved, that whenever Buy metal suscepti- 
ble of magnetism is magnetised or demagnetiaed, its tempera- 
ture is raised. THs was shown, first, by suhjecting a bar of 
iron, nickel, or cobalt to the influence of a powerful eleciro- 
magnet, which was rapidly magnetised and demagnetised in 
reverse directions, the electro-magiiet itself being kept cool by 
cisterns of water, so that the magnetic metal subjected to the 
influence of magnetism waa raised to a higher temperature 
than the electro-magnet itself, and could not, therefore, have 
acquired its increased temperature by conduction or radiation 
of heat from the electro-magnet ; and secondly, by rotating 
a permanent steel magnet witt its pole opposite to a bar 
of iron, a thermo-electric pile being placed opposite the 
latter. 

Dr. Maggi covered a plate of homogeneous soft iron with 
a thin coating of was mised with oil, a tube traversed the 
centre through which the vapour of boiling water was passed. 
The plate was made to rest on the poles of an electro-magnet, 
with card interposed. When the iron Is not magnetised, the 
melted wax assumes a circular form, the tube occupying the 
c-entre, but when the eleclro-magnet is put in action, the curve 
marking the boundary of the melted substance changes its form 
and becomes elongated in a direction transverse to the line 
joining the poles, showing that the conducting power of die 
iron for heat is changed by magnetisation. 

Thus we get heat produced by nM.gnefisra and the conduc- 
tion of heat altered by it in a direction having a definite rela- 
tion to the direction of the magnetism. Is it necessary to 
call in aid ether or the substance ' caloric' to explain these 
results? is it not more rational to regard the calorific effects 
as changes in the molecular arrangements of the matter sub- 
jected to magnetism ? 

There is every probability that magnetism, in the dyna- 
mic stale, either when the magnet ia in motion, or when the 
nmgnetic intensity is varying, xtill also directly produce ehemi- 
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cal affinity and ligt-, though, up to the present time, Buch has 
not been proved to be the case ; the reciprocal effect, also, of 
the direct production of magnetism by ]ight and heat has not 
yet been experimentally established. 

I have used, in contradistinction, the tei-ms dynamic and 
static to represent the different states of magnetism. The 
applications I have made of these terms may be open to some 
exception, but I tnow of no other words -which wiD so nearly 
express my meaning. 

The static condition of magnetism resembles the static 
condition of other forces : such as the state of tension exist- 
ing in the beam and a cord of a balance, or in a charged 
Leyden phial. The old definition of force was, that which 
caused change in motion ; and yet even this definition pre- 
sents a difleulty ; in a case of static equilibrium, such, for 
instance, as that which obtains in the two arms of a balance, 
we get the idea of force without any palpable apparent motion : 
whether there be really an absence of motion may be a doubt- 
fiil question, as snch absence would mvolve in this ease per- 
fect elasticity, and, in all other cases, a stability which, in a 
long course of time, nature generally negatives, showing, as 
I believe, an inseparable connection of motion with matter, 
and an impossibility of a perfectly immobile or durable state. 
So with magnetism : I believe no magnet can exist in an 
absolutely stable state, though the duration of its stahdity 
will be proportionate to its original Tcsistance to assurmng 
a polarised condition. This, however, must be taken merelj 
as a matter of opinion : we have, in support of it, the general 
facts that magnets do deteriorate in the course of yeirs , and 
we have the further general fact of the instability, or flusional 
state, of all nature, when wo have an opportunity of fau:ly 
investigating it at different and remote periods: in many 
cases, however, the action is so slow that the changes escape 
human observation, and, until this can be brought to bear 
over a proporlionate period of time, the proposition cannot be 
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said to be experimeatally or inducfively proved, but must be 
left to the mental convictioE of those who examine it by the 
light of already acknowledged facts. 

All cases of afatic force present the same difficulty ; !hus, 
two springs pressing against each other woidd bo said to be 
exercising force ; and yet there is no resulting action, no heat, 
no light, &c. 

So if gas be compressed by a piston, at the time of com- 
pression heat is given off; but when this is abstracted, 
although the pressure coulinues, no further heat is eliminated. 
Thus, by an equilihrium produced by opposing forces, motion 
is locked up, or ia abeyance, as it were, and may be again 
developed when the forces are rcheved from the tension. 
But in the first instance, in producing the state of tension, 
force has to be employed ; and as we have said in treating of 
laechanieal force, so with the other forces the original change 
which disturbs equilibrium produces other changes which go 
on without end. Thus, hy the act of cliarging a Leyden 
phial, the cylinder, the rubber, and the adjoining portions of 
the electrical roaohine have eaab. and all their states changed, 
and thence produce changes in surrounding bodies ad infini- 
tum ; when the jar is discharged, converse changes are again 
produced. 

As with heat, light, and electricity, tlie daily aceunmlating 
observations tend to show that each change in the phenomena 
to which these names are given is accompanied by a change 
either temporary or permanent in the matter affected hy them ; 
ao many recent experiments on magnetism have connected 
magnetic phenomena with a molecidar change in the subject 
matter. Thus M. Wertheim has shown that the elasticity of 
iron and steel is altered by magnetisation ; the eo-efB.cient of 
elasticity in iron being temporarily, in steel permanently 
diminished- 
He has also examined tho effects of torsion upon magnet- 
ised iron, and concludes, from his experiments, that in a bar 



;d by Google 



SIAGNETISM, 151 

of irou arrived at a state of magnetic cquili'brjum, temporal^ 
torsion liiminislies tlie magnetism, and that the untwisting oi 
rclurn to its primitive state restores the original degree ol 
magnetisation.. 

M. GuUlemin otservod that a har slightly curved hy ifa 
own weight is straightened hy being magnetised. Mr. Page 
and Mr. Marrion discovered that a sound is emitted when 
iron or steel is rapidly magnetised or demagnetised ; and Mr. 
Joule found that a bar of iron is slightly elongated by mag- 
netisation. 

Again, with regard to diamagnetic bodies, M. Matteucei 
found that the mechanical compression of glass altered the 
rotatory power upon a ray of polarised light whieh it trans- 
mitted. He further considered that a change took place in 
the temper of portions of glass wliich he submitted to the in- 
fluence of powerful naagneta. 

The same arguments which have been submiitcd to 
the reader as to the other affections of matter being modes 
of molecular imotion, are therefore equally apphcable to mag- 
aelism. 
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VII.— CHEMICAL AFFINITY. 

CHFMICAL AFFINITY or the force liy which di'simi- 
lar bodies tend to n te anl form c mp mis d ffer ng 
g neraUyincl irictc frota II «r c nst tu nt a tl it mode of 
for c of vhich the humiQ mini has hath rto formed the least 
Ihnt il a The -WOT 1 i c]£—a^n ly— s iO. ch sea its 
meanmg n this instance hear ng no ■malogy to its ord niry 
sense and the mod f its a t on a c aveye 1 by certa n con 
(cntional express us no dynimi th orj f it wortlj of 
a lent on 1 vmg been alopted Is act on so mol fies and 
alters the character of matter that the cl ingcs t in 
duces have acquired not perhaps very logically i gener c 
contra list net on f om other mater al ehang and e 
th B use as c n r\l tmg led the terms phj&cal inl 
clcmi al 

The nan dist nc on 1 ctwe n chemical affin ty an 1 phys 
cal attraotion or aggregation, is the difference of character ol 
the chemical compound from its components. This is, how- 
ever, but a vague line of demarcation ; in many eases, ■which 
would be classed by all as cbemieal actions, the change of 
character is hut slight ; in others, as in the effecta of neutrali- 
sation, the difference of character Tvonld be a result which 
would equally follow from physical attraction of dissimilar 
substances, the previous characters of the constituents depend- 
ing upon this very attraction or affinity : thus an acid corrodes 
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because, it tends to unite Tritii another body ; when united, 
iti corrosive power, i, e. its tendency to uaitc, being sutialed, 
it cannot, so to speak, be further attracted, and it necessarily 
loses its corro9i\o power. Bnt there are other cases whore 
no such resnlt eonld d priori be antii'ipated, as where the 
attraction or combining tendency of the compound is higher 
than that of its constituents : thus, who could, by physical 
reasoning, anticipate a substance like nitric acid from the 
combination of nitrogen and oxygen? 

The nearest approach, perhaps, that we can form to a 
comprehension of cheaiical action, is by regarding it (vaguely 
perhaps) as a molecular attraction or motion. It will 
directly produce laotion of definite masses, hy the resultant 
of the molecular changes it induces : thus, the projectile 
effects of gunpowder may be cited as familiar instances of 
motion produced hy cheiaical action. It may be a question 
whether, in this case, the force which occasions the motion 
of the mass ia a conversion of the force of chemical affinity, 
or whether it is not, rather, a liberation of other forces exist- 
ing in a state of static equilibrium, and having been brought 
into such state by previous chemical actions ; but, at all 
events, through the medium of electricity chemical affinity 
may be directly and quantitatively converted info the other 
modes of force. By chemical affinity, then, we can directly 
produce electricity; this latter force was, indeed, said by 
Davy to be chemical affinity acting on masses : it appears, 
rather, to be chemical affinily acting in a definite direction 
tlirough a chain of particles ; hut by no deffiiition can the 
exact relation of chemical affinity and electricity be expressed ; 
for the latter, however closely related to the former, yet exists 
where the former does not, as in a metallic wire, which when 
electrified, or conducting electricity, is, nevertheless, not 
chemically altered, or, at least, not known to be chemically 
altered. 

Volta, the antitype of Promcllieus, first enabled us de 
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finitely to relate the forces of chemistiy and electricity, 
"When two disaimilar metals in contact arc immersed in a 
liquid belonging to a certain class, and capable of acting 
chemically on one of them, what is termed a voltaic eircait ia 
formed, anil, by the chemical action, that pecnliar mode of 
force called an electric cnrrent is generated, which circnlatea 
from metal to metal, across the liqultl, and through the points 
of contact. 

Let ns take, as an instance of the conversion of chemical 
force into electrical, the following, which I made known some 
years ago. If gold bo immersed in hydrochloric acid, no 
chemical action takes place. If gold be immersed ia nitric 
acid, no chemical action tates place ; bnt miir the two acids, 
and the immersed gold is chemically attacked and dissolved : 
this an is ordinary chemical action, the result of a doable chemi 
cal affinity. In hydrochloric acid, which is composed oi 
chlorine and hydrogen, the affinity of chlorine for gold being 
less than its affinityforhydrogen, no change takes place ;, but 
when the nitric acid ia added, this latter containing a great 
quantity of oxygen in a state of feeble combination, the 
affinity of oxygen for hydrogen opposes that of hydrogen for 
chlorine, and then the affinity of the latter for gold is enabled 
to act, the gold combines with the chlorine, and chloride of 
gold remains in solution in the liquid. Now, in order to 
exhibit this chemical force in the form of electrical force, 
instead of mixing the liquids, place them in separate vessels 
or cotnpaitments, but so that they may bo in contact, which 
may be effected by having a porous material, such as un- 
glazed porcelain, amianthus, &c,, between them. Immerse in 
each of these liquids a strip or wire of gold : as long as these 
pieces of gold remain separated, no chemical or electrical 
effect takes place; but the io'^tant they arc brought iito 
metallic contact, cither immediately or by connecting each 
with the same metallic wire, chemical action takes place — 
[he gold in tlie hydrochloric acid is dissolved, electrical action 
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also lakes place, tho nitric acid is deoxidised by the traiis- 
ferred hydrogen, and a current of electricity may l>e detected 
in the metals or connecting metal by the application of a gal 
Tanomcfer or any instrument appropriate for defecting sucL 
effect. 

There are few, if any, chemical actions which cannot bf 
experimentally made to produce electricity : the oxidation of 
metals, the burning of combtistibles, the combination of oxy 
gen and hydrogen, &c., may all be made sources of elec 
tricity. The common mode in which the electricity of the 
voltaic battery is generated is by the chemical action of water 
upon ainc ; this action is increased by adding certain acids to 
the water, which enable it to act more powerfully upon the 
zinc, or in some cases act themselycs upon it ; and one of the 
moat powerful chemical actions known — that of nitric acid 
upon oxidable metals — is that which produces the most pow- 
erful voltaic battery, a combination which I made known in 
the year 1839 ; indeed, we may safely say, that when the 
chemical force is utilised, or not wasted, but all converted into 
electrical force, the more powerful the chemical action, the 
more powerful is the electrical action which results. 

If, insfead of employing manufactured products or educis, 
such as zinc and acids, tvc could realise as electricity Ibe 
whole of the chemical force which is active lu the combustion 
of cheap and abundant raw materials, such as coal, wood, fat, 
&c., with air or water, we should obtain one of the greatest 
practical desiderata, and have at our command a mechanical 
power in every respect superior in its applicability to the 
steam engine. 

I have shown that the flame of tho common blowpipe gives 
rise to a very marked electrical current, capable not only of 
affecting the galvanometer, but of producing chemical decom- 
position ; two plates or coils of platinum are placed, the one 
in the portion of the flame near the orifice of the jet, or at 
the points where combuslion commences, the other in the full 
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yellow flwne wliere combustion is at its maximum ; this ]attei 
sliould be kept cool, to enable a thermo-electric current, which 
ia produced by the difiereat temperature of the platinum 
plates, to co-opcratc with the flame current ; wires attached 
to the plates of platinum form the terminals or poles. By a 
row of jets a flame battery may be formed, yielding increased 
effects ; but in these experiments, though theoretically inter- 
esting, so small a fraction of the power, actually at work in 
the combustion, has been tlirown into an electrical form, that 
there is no immediate promise of a practical result. 

The quantity of the electrical current, as measured by the 
quantity of matter it acts upon'in its different phenomenal 
effects, is proportionate to the quantity of chemical action 
which generated it ; and its intensity, or power of overcoming 
resistance, is also proportionate to the intensity of chemical 
af&nity when a single voltaic pair is employed, or to the num- 
ber of reduplications when the well-known instrument called 
tlie voltaic battery is used. 

The mode in which the voltaic current is increased in in- 
tensity by these reduplications, is in itself a striking instance 
of the mutual relations and dynamic analogies of different 
forces. Let a plate of zinc or other metal possessing a strong 
afDnity for oxygen, and another of platinum or other metal 
possessing little or no affinity for oxygen, he partially im- 
mersed in a vessel. A, containing dilute nitric acid, but not 
in contact with each other ; let platinran wires touching each 
of these plates have their extremities immersed in another 
vessel, B, containing also dilute nitric acid : as the acid in 
vessel A is decomposed, by the chemical afBnity of the zinc 
for the oxygen of the acid, the acid in vessel B is also decom- 
posed, oxygen appearing at the extremity of the wire which 
is connected with the platiuum : the chemical power is con- 
veyed or transferred through the wires, and, abstracting cer- 
tain local effects, for every unit of oxygen which combines 
with the zino in the one vessel, a unit of oxygen is evolved 
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from tlie platinum \¥ire in the other. The platinum wire i* 
thus thrown into a condition analogous to zinc, or has a pow 
er given to it of determining the oxygen of the liquid to its 
enrfaee, though it cannot, as is the case with zinc, com 
bine with it under similar circumstances. If Tfe now suhsti 
tuto for the platinum wire which was connected with the 
platinum plate, a zinc wire, wo have in addition to the deter- 
mining tendency by which the platinum was affected, the 
chemical affinity of the oxygen in vessel B for the zinc wire 
thus we have, added to the force which was originally pro- 
duced by the zinc of the combination in vessel A, a second 
force, produced by the zinc in vessel E, co-operating with the 
first ; two pairs of zinc and platinum thus connected produce, 
therefore, a more intense effect than one pair ; and if we go 
on adding to these alternations of zinc, platinum, and liquid, 
we obtain an indefinite exaltation of chemical power, just as 
in mechanics we obtain accelerated motion by adding fresh 
impulses to motion already generated. 

The same rule of proportion which holds good in chemi- 
cal combinations also obtains in electrical effects, when these 
are produced by chemical actions. Dalton and others proved 
that the constituents of a vast number of componnd substances 
always bore ft definite quantitative relation to each other : 
thus, water, which consists of one part by weight of hydro- 
gen united to eight parts of oxygen, cannot be formed by the 
same elements in any other than these proportions ; you can 
neither add to nor subtract from the normal ratio of the 
elements, without entirely altering the nature of the com- 
pound. Further, if any element be selected as unity, the 
combining ratios of other elements vrill bear an invariable 
quantitative relation to that and to each other ; thus if hydro- 
gen be chosen as 1, oxygen will be 8, chlorine wJU be 36 ; 
that is, oxygen will unite with hydrogen in the proportion of 
B parts by weight to 1, while clilorine will unite with hydro- 
gen in the proportion of 8C to 1, or wilh oxygen in the pro- 
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portion of 36 to 8. Numbers expressing their combiniag 
weights, which are thus relative, not absolute, may by a con- 
ventional assent as to the point of unity, bo fixed for all ehenai- 
cftl reagents ; and, when so fixed, it will be found that bodies, 
at least in inorganic compoonds, generally miite in those pro- 
portions, or in simple multiples of them : these proportions 
are termed Eqmvalejtts, 

Now a voltaic battery, which consists usually of alterna- 
tions of two m.efals, and a Hquid capable of acting chenaically 
upon one of them, has, as we have seen, the power of pro- 
ducmg chemical action in a liquid connected with it by metals 
upon which this liquid is iacapablo of acting : in such case the 
constituents of the liquid will be eliminated at the surfaces of 
tho immersed metals, and at a distance one from the other. 
For example, if (he two platinum terminals of a voltaic 
battery be immersed in water, oxygen win be evolved at one 
and hydrogen at the other terminal, exactly in the propor- 
tions in which they form water ; while, to the most minute 
examination, no action is perceptible in the stratum of 
Uquid. It was known before Faraday's time that, while this 
chemical action was going on in the subjected liquid, a chemi- 
cal action was going on in the cells of the voltaic battery ; 
but it was scarcely if at all known that (he amount of chemi- 
cal action in the one bore a constant relation to the amount 
of action in tho other. Faraday proved that it bore a direct 
equivalent relation : that is, suppo'iing the battery to be 
formed of zinc, platinum, and water, the amount of oxygen 
which united with tho zinc in each cell of the battery was 
exactly equal to tho amount evolved at the one platinum ter- 
minal, while the hydrogen evolved from each platinum plate 
of the battery was equal to the hydro^'cn e^ olved from tho 
other platinum terminal. 

Supposing the battery to be charged with hydrochloric 
acid, instead of water, wlule the terminals are separated by 
water, then for every 36 parts by weight of chlorine which 
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united with eacli plate of zinc, eight parts of oxygen would 
be evolTcd from one of tlie platinum terminala ; that Js, the 
weights would be precisely in the same relation which Daltoo 
proved to exist in their chemical combining weights. Thia 
may bo extended to all liquids capable of being decomposed 
by the voltaic force, thence called Electrolytes : and as no vol- 
taic effect is produced by liquids incapable of being thus de- 
composed, it follows that voltaic action is chemical action tak- 
ing place at a distance, or transferred throagli a chain of 
media, and that the chemical equivalent numbers are the ex- 
ponents of the amount of voltaic action for corresponding 
chemical substances. 

As heat, hght, magnetism, or motion, can be produced by 
the requisite application of the electric current, and as this is 
definitely produced by chemical action, we get these forces 
very definitely, though not immediately, produced by chemi- 
cal action. Let us, however, hero enquire, as we have al- 
ready done with respect to the other forces, how far other 
forces may directly emanate from chemical affinity. 

Heat is an immediate product of chemical affinity. 1 
kaow of no exception to the general proposition that all bod- 
ies in chemicaUy combining produce heat; i. e. if solu- 
tion be not considered as chemical action, and even in that 
case, when cold results, it is from a change of consistence, as 
fi-om the solid to the liquid state, and not from chemical 
action. 

We shall find that the same view of the expenditure of 
force which we have considered in treating of latent heat 
holds good as to the expenditure of chejuical force when re- 
garded with reference to the amount of heat or repulsive 
force which it engenders, the chemical force being here ex- 
hausted by chemical expansion — that is, by heat. Ilius, in 
the chemical action of the ordinary combustion of coal and 
oxygen, the expenditure of fuel will be in proportion to the 
expansibility of the substances heated ; water passing freely 
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iato the steam will eonsumo more fuel than if it be coafineil 
and kept at a temperature above its boiling point. 

Why chemical action produces beat, or -what is the action 
of the molecules of matter when chemically tmiling, is a 
qncstion upon which majiy theories have been proposed and 
■which may possibly be never more than approximately re- 
solved. 

Some authors explain it by the condeusafion which takes 
place ; but this will not account for the many instances where, 
from the hbcration of gases, a great increase of volume en- 
sues upon chemical combustion, as in the familiar instance 
of the explosion of gunpowder : others explain it as resulting 
from the union of atmospheres of positive and negative elec- 
tricity which are assumed to surround the atoms of bodies ; 
bat this ihvolves hypothesifl upon hypothesis. Dr. Wood has 
lately thrown out a view of the heat of chemical action which 
is more in accordance with a dynamic theory of heat, and 
as such demands some notice. Starting with his proposition, 
which I have previously mentioned, ' that the nearer the par- 
ticles of bodies are to each other the less they require to 
move to produce a given motion in the particles of another 
body,' his argument, if I rightly understand it, assumes some- 
thing of this form. 

In the mechanical approximation of the particles of a 
homogeneous body heat results ; the particles a a of the body 
A would, by their approximation, produce expansion in the 
neighbouring body B, the more so in proportion as they them- 
selves were previously nearer to each other. In chemicaDy 
combining, a a the particles of A are brought into very close 
proximity with 6 6 the particles of B ; heat should therefore 
result, and the greater because the proximity may fairly be 
assumed to be greater in the case of chcniical combination 
than in that of mechanical compression. In caaea, then, 
Inhere tiiere is no absolute diminntiou of bulk ensuing on 
chemical combination, if the greater proximity of the corn- 
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bining particles be sueh that the correlative expansion ought 
to be greater (if there were no ehcmical eombination) than 
that occupied by the total volume of the new compound, an 
extra expanding power ia eTolved, and heat or expansion 
ought to be produced in Burronndhtg bodies. In other wordSi 
if a a could be brought by physical attraction as near each 
other as they are by chemical attraction brought near to 5 6, 
they ■would, from their increased proximity, produce an ex« 
pansive power ultra the volume occupied by the actual chem- 
ical compound A and B. The question, however, immedi- 
ately occurs, why should the volume of the compound be lim- 
ited and not occupy the fiill space equivalent to the expanding 
power induced by the contraction or approximation of the 
particles. Aa the distance of the particles is the resultant 
of the contending contracting and expanding powers, this 
result ought to express itself in terms of the acftial volume 
produced by the combination, which it certainly does not. 

Though I see some difficulties in Dr. Wood's theory, and 
perhaps have not rightly conceived it, his views have to my 
mind great interest, his mode of regarding natural phenomena 
being analogous to that which I have in this Essay, and for 
many years, advocated, viz. to divest physical science as 
■much as possible of hypothetic fluids, ethers, latent entities, 
occult qualities, &e. My own notion of the heat produced 
by chemical combination, though I scarcely dare venture an 
opinion upon a subject so controverted, is, that it is analogous 
to the heat of friction, that the particles of matter in close 
approximation and rapid motion inter se evolve heat as a con- 
tinuation of the motion interrupted by the friction or intesti- 
nal motion of the particles : heat would thus be produced, 
whether the resulting compound were of greater or less bulk 
than the sum of the components, though of course when the 
eompound is of greater bulk less heat would be apparent in 
neighbouring bodies, the expansion tailing place in one of the 
iubstances themselves — I say in one of them, for it is stated 
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in Looks of authority that there is no inatance of two or mora 
solids or liquids, or a solid and a liquid, combiniug and pro- 
dueiug a compound which is ontlrely gaseous at ordinary 
temperatures and pressures. The substance gun-cotton, how- 
ever, discovered by Dr. Schoenbein, very nearly realises this 
proposition. 

Dr. Andrews has arrived at the conclusion, after careful 
experiment, that in chemical combinations where aeids and 
alkalies or analogous substances are employed, the amount of 
heat produced is determined by the basic ingredient, and his 
experiments have received general assent ; although it should 
be stated that M. Hess arrived at contrary results, the acid 
constituent according to Lis experiments furnishing tlie meas- 
ure of the beat developed. 

ii^Afisdirectlyproducedby chemical action, as in the flash 
of gunpowder, the burniug of phosphorus in oxygen gas, a 
rapid combustions ; indeed, whereverinlense heat is i 
light accompanies it. In many cases of slow combustion, 
such as the phenomena of phosphorescence, the light is apparent- 
ly much more intense than the beat; the former being obvious, 
the latter so difficult of detection that for a long time it was 
a question whether any heat was ehminated ; and I am not 
aware that at the present day, any thermic effects from cer- 
tain modes of phosphorescence, such as those of phospho- 
rescent wood, putrescent fish, &c., have been detected. 

Chemical action produces magnetism whenever it is thrown 
into a definite direction, as in the phenomenon of electrolysis. 
I may adduce the gas voltaic battery, as presenting a simple 
instance of the direct production of magnetism by chemical 
synthesis. Oxygen and hydrogen in that combination chemi- 
cally unite ; but instead of combining by intimate molecular 
admixture, as in the ordinary cases, they act upon water, i.e. 
combined oxygen and hydrogen, placed between them so as 
t; produce a line of chemical action ; and a magnet adjacent 
to this line of action is deflected, and places itself at right 
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angles to it. What a eliam of molecules does liere, there 
can be no doubt all the molecules entering into combination 
would produce in ordinary cheraica] actions ; but in such 
cases, the direction of the linca of combination being irregu- 
lar and confiised, there is no general resultant by which the 
. magnet can be affected. 

What the exact nature of the transference of chemical 
power across an electrolyte ia, we at present know not, nor 
can we form any more definite idea of it than that given by 
the theory of Grotthus. We have no knowledge aa to the, 
exact nature of wiy mode of chemical action, and, for the 
present must leave it as an obscure action of force, of which 
future researches may simplify our apprehension. 

We have seen that an equivalent or proportionate electri- 
cal effect is prodaced by a given amount of chemical action ; 
if we, in turn, produce heat and magnetism and motion by 
the electricity resulting from chemical action, we shall be able 
to measure these forces far more accurately than when they 
are directly produced, and thus to deduce their equivalent re- 
lation to the initial chemical action. Thus M. Favre, after 
ascertaining the quantity of heat produced by the oxidation 
of a quantity of zinc, and finding, as have others, that the 
heat is the same when evolved from a voltaic battery by the 
same consumption of zinc forming its positive element, makes 
the following experiment. 

A voltaic battery and electro-magnet are immersed in cal- 
orimeters, and the heat produced when (he connection with 
the magnet is effected is noted, 

The electro-magnet is then made to raise a weight, and 
thus perform mechanical work, and the heat produced is 
»gain noted. It is found in the latter case that less heat is 
evolved than in the former, a certain quantity of heat has 
iherefore been replaced by the mechanical work ; and by esti- 
mating the amount of heat subtracted, and the amount of 
work pt oduced, he deduces the relative equivalent of work to 
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heat. Tliese cxperimenta give a production of mechoEicaj 
work by cliemical action, not, it is true, a direct production, 
but, as tlie heat and work are in inverse ratios, and each has 
ita source in chemical action, they prove that they are definite 
for a definite amount of chemical action, and as each is pro- 
duced respectively by electricity and magnetism, these forces 
must also bear a definite relation to the initial chemical force. 

The doctrine of definite combining proportions, which so 
beautifully serves to relate chemistry to voltaic electricity, 
led to the atomic theory, which, though adopted in its univer- 
sality by a largo majority of chemists, presents great ditBcul- 
tics when extended to all chemical combinations. 

The equivalent ratios in which a great number of sub- 
stances chemically combine, hold good in so naany instances, 
that the atomic doctrine is believed by many to be nniversally , 
applicable, and called a law ; and yet, when followed in the 
combinations of substances whose natural chemical attractions 
are very feeble, the relation fades away, and is sought to be 
recovered by applying a separate and arbitrary multiplier to 
the difierent constituents. 

Thus, when it was found that a vast number of substances 
combined in definite volumes and weights, and in definite vol- 
umes and weights only, it was argued that their ultimate 
inoleoulcs or atoms had a definite size, as otherwise there 
was no apparent reason why this equivalent ratio should hold 
good: wliy, for instance, water should only be formed of two 
volumes or one unit by weight of hydrogen, and of one vol- 
ume or eight units by weight of oxygen ; why, unless there 
were some ultimate limits to the divisibility of its molecules, 
Bhould not water, or a fluid substance approximating to water 
in character, bo formed by a half, a third, or a tenth part of 
hydrogen, with eight parts of oxygen? 

It was perfectly consistent with the atomic view that a 
substance might bo formed with one part combined with eight 
parts, or with sixteen, or with twenty-four, for in such a sub- 
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stance there would be no subdivisiou of the (supposed indivi- 
sible) molecule ; and this held good with many compounds • 
IJims fourteen parts by woigbt, aay grains of nitrogen, will 
combine respectively with eight, sixteen, twenty-four, thirty- 
two, and forty parts by weight, or grains, of oxygen. 

So, again, twenty-aeven grwna of iron will combine with 
eight grains of oxygen or witli twenty-four grains, i. e. three 
proportionals of osygen. No compound is known in which 
twenty-seven grains of iron will combine with two propor- 
tionals or sixteen grains of oxygen ; bnt this docs not mueli 
affect the theory, as such a componud maybe yet discovered, 
or there may be reasons at present unknown why it cannot be 
formed. 

But now comes a difficulty : twenty-seven parts by weight 
of iron will combine with twelve parts by weight of oxygen, 
and twenty-aeven parts of iron will also combine wit", ten 
and two-third parts of oxygen. Thus if we retain the unit 
of iron we must subdivide the unit of oxygen, or if we retain 
the unit of oxygen we must subdivide the unit of iron, or we 
must subdivide both by a different ^visor. What then be- 
comes of the notion of an atom or moleetile physically indi- 
visible? 

If iron were the only substance to which this difficulty 
applied, it might be viewed as an unexplained exception, or 
as a mixture of two oxidea ; or recourse might be had to a 
more minute subdivision to form the units or equivalents of 
other substances ; but numerous other substances fall under 
a similar category ; and in organic conabinationa, to preserve 
the atomic nomenclature we must apply a separate multiplier 
or diviaor to far the greater munber of the elementary con- 
stituents, i. e. we muat divide that which ia, ex hypothesi, indi- 
visible. 

Thus, to take a more complex substance than aay fui-mcd 
by tho combination of iron and oxygen, let us select the sub- 
stance albumen, composed of carbon, hydrogen, nitrogen. 
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oxygen, phosplionis, and sulphur. In this case we must ei- 
ther' divide the atoms of phosphorus and sulphur so as to re- 
duce tiiem to small fractions, or multiply the atoms of the 
other substances by extravagant numbers ; thus to preserve 
the unit of one of the co'natituents of this substance, chemists 
say it is composed of 400 atoms of carbon, 310 of hydrogec, 
120 of oxygen, 50 of nitrogen, 2 of sulphur, and 1 of phos- 
phorus. This is a somewhat extreme case, but similar diiii- 
culties will he found in difierent degrees to prevail among or- 
ganic compounds ; in very many no constituent can be taken 
as a unit to which simple mulfiples of any of Uie others will 
give their relative proportions." By the mode of notation 
adopted, if any conceivahle substance be selected, it could, 
whatever he the proportions of its constituents, he termed 
atomic, A solution of an ounce of sugar in a pound of wa- 
ter, in a pound and a half, in a pound and a quarter, in a 
pound and a tenth, might be expressed ia an atomic form, if 
we select arbitrarily a multiplier or divisor. 

It is true that in the case of solution, different proportiona 
can be united up to the point of saturation without any dif- 
ference in tlio character of the compound, though the same 
may be predicated to some extent of an acid and an altali ; 
but even where the stops are sadden, and compounds only 
exist with definite proportions, they cannot, in a multitude of 
eases, be reconciled with the true idea of an atomic combina- 
tion, i. e. ono to one, one to two, &c. 

Although, therefore, nature presents us with facts which 
show that there is some restrictive law of combination which 
in nnmeroas cases limits the ratios in which substances wiU 
combine, nay, further, shows many instances of a proportion 
between the combining weights of one compound and those 
of another ; although she shows also a remarkable simplicity 
in the combining volumes of numerous gases, she also gives 
numerous cases to which the doctrine of atomic combinations 
cannot fairly he applied. 
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Tliat tliere must be something in the constitution of mat- 
ter, or in the forces which act on it, \o account for the per 
saltum manner in wliich chemical combinations take place, is 
inevitable ; but the idea of atoms does not seem satisfactorily 
(0 account for it. 

By selecting a separate multiplier or divisor, chemiata 
tnay denote every combination in terras derived from the 
atomic theory ; but they have passed from the original law, 
which contemplated only definite multiples, and the very hy- 
poiheflc expressions of atoms, whieh the apparently simple 
relations of combining weights first led them to adopt, they 
are obliged to vary and to contradict in terms, by dividing 
fliat which their hypothesis and the expression of it assumed 
to be indivisible. 

While, therefore, I fully recognise a great natural trutli 
in the definite ratios presented by a vast number of chemical 
combinations, and in the per saUum steps in wlijch nearly all 
take place, I cannot accept as an argument in favour of au 
atomic theory, those combinations which are made to support 
it by the application of aa arbitrary notation, 

A similar straining of theory seems gradually obtaining . 
in regard to the doctrine of compound radicals. The discov- 
ery of cj'anogen by Gay-Lussae was probably the iirst in- 
ducement to the doctrine of compound radicals ; a doctrine 
which ia now generally, perhaps too generally, received in 
organic chemistry. As, in the case of cyanogen, a body ob- 
viously compound discharged in almost all its reiictions the 
functions of an element, so in many other cases it was found 
that compound bodies in which a great number of elements 
existed, might be regarded as binary combinations, by con- 
sidering certain groups of these elements as a compound rad- 
ical ; that is, as a simple body when treated of in relation to 
the other complex subslauces of which if forms part, ami 
onlyaa non-clemenfary when referred to its internal consti- 
tution. 



;d by Google 



168 COEEELATION OF PHYSICAL FOEOES. 

Undoubtedly, l)y approsimatbg in theory the reactions of 
inorganic and of organic chemistry, by keeping the mind 
within the limits of a beaten path, instead of allowing it to 
wander through a maze of isolated facts, the doctrine of com- 
pound radicals has been of service ; but, on the other hand, 
the inifefinite variety of changes which may be rung upon the 
composition of an organic substance, by different associations 
of its primary elements, makes the binary constituents vary 
as the minds of the authors who treat of them, and mates 
their grouping depend entirely upon the strength of the anal- 
ogies presented to each individual mind. From this cause, 
PEd from the extreme license which has been taken in theo- 
retic groupings deduced from this doctrine, a serious question 
arises whether it may not ultimately, unless carefully ro- 
Btricted, produce confusion rather than simplicity, and be to 
die student an embarrassment rather than an assistance. 
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CATALYSIS, or the chemical action induced by the 
mere presence of a foreiga hody, embraces a class of 
facta which must considerably modify many of our notions of 
chemical action : thua oxygen and hydrogen, when mixed in 
a gaseous state, wiU rentaia unaltered for an indefinite pe- 
riod ; but the introduction to them of a slip of clean plati- 
num win cause more or less rapid combination, without being 
in itself in any respect altered. On the other hand, oxygen- 
ated water, which is a compound of one equivalent of hydro- 
gen plus two of oxygen, will, when under a certain tempera- 
ture, remain perfectly stable ; but touch it with platinum in 
a state of minute division, and it is instantly decomposed, 
one equivalent of oxygen being set free. Here, again, the 
platinum is unaltered, and thus we have synthesis and analy- 
sis effected apparently by the mere contact of a fbreign body. 
It is not improbable that the increased electrolytic power of 
water by the addition of some acids, such as the sulphuric 
and phosphoric, where the acids themselves are not decom- 
posed, depends upon a catalytic effect of these acids ; bat we 
inow too little of the nature and rationale of catalysis to ex- 
press any confident opinion on its modes of action, and pos- 
sibly wc may comprehend very different molecular actions 
under one and the same name. In no case does catalysb 
yield us new power or force : it only determines or facilitalaa 
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the action of clicmieal force, and, therefore, is no creation ol 
force by coatact. 

The force so developed by catalysis may be converted 
into a voltaic form tliiia ; in a single pair of the gas battery 
above alluded to, one portion of a strip of platinum is im- 
mersed in a tube of oxygca, the other in one of hydrogen, 
both the gases and the extremities of the platinum being con- 
nected by water or other electrolyte ; a voltaic combination 
is thus formed, and electricity, heat, light, magnetism, and 
motion, produced at the wiU of the experim.enler. 

In tills combination we liavo a striking instance of cor- 
relative expansions and conti actions, anaJogous, though in a 
much m.ore refined form, to the expansions and contractions 
by heat and cold detailed in the early part of tliia essay, and 
illustrated by the alternations of two bladders partially filled 
with air : thus, as by the effect of chemical combination in 
each pair of tubes of the gas hattcry the gases oxygen and 
hydrogen lose their gaseous character and shrink, into water, 
so at the platinum terminals of the battery, when immersed 
in water, water is decomposed, and expands into oxygen and 
hydrogen gases. The correlate of the force which changes 
gas into liquid at one point of spaee, changes liquid into gas 
at another, and the exact volume which disappears in the 
one place reappears in the other ; so that it would appear to 
an inexperienced eye as though Ihe gases passed through 
solid wires. 

Gravitation, inertia, and aggregation, were but cursorily 
alluded to in my original lectures ; their relation to the other 
modes of force seemed to be less definitely traceahle ; but the 
phenomenal effects of gravitation and inertia, being motion 
and resistance to motion, in considering motion I have in 
some degree included their relations to the other forces. 

To my mind gravitation would only produce other force 
when the motion caused by it ceases. Thus, if we suppose 
a meteor to be a mass rotating in an orbit round the earth, 



;d by Google 



OTIIEE MODES OF TOECE. 171 

ami with no resisting medium, then, as long as that rotation 
continaes, the motion of the meteoric mass itself would te 
the exponent of the force impelling it ; if there be a resists 
ing medium, part of thia motion would he arrested and taken 
up by the medium, cither as motion, heat, electricity, or some 
other mode of force ; if the meteor approach the earth suffi- 
ciently to fall upon it, the perceptible motion of the meteor 
is stopped, hat is taken up by the earth which vihratei 
through its mass ; part also reappears as heat in both earth 
and meteor, and part in the change in the earth's position 
consequent on its increase of gravity, and so on. Oravita- 
tion is but the subjective idea, and its relation to other modes 
of force seems to me to be identical with that of pressure or 
motion. Thus, when arrested motion prodncca heat, it mat- 
ters not whether the motion has been produced by a falling 
body, i. e. by gravitation, or a body projected by an explo- 
sive compound, &c. ; the heat wiU be the same, provided the 
mass and Telocity at the time of arrest be the same. In no 
other sense can I conceive a relation between gravitation and 
the other forces, and, with all diffidence, I cannot agree with 
those who seek a more mysterious link. 

Mosotti has mathematically treated of the identity of 
gravitation with cohesive tdti-adion, and Pliicker has recently 
succeeded in showing that crystalline bodies are definitely af- 
fected by magnetism, and take a position in relation to the 
lines of magnetic force dependent upon their optical axis or 
&7i9 of symmetry. 

What is termed the optic axis is a fised direction through 
crystals, in which they do not doubly refract light, and which 
direction, in those crystals which have one axis of figure, or 
a line around which the figure is symmetrical, is parallel to 
the axis of symmetry. When submitted to magnetic influ- 
ence such crystals take up a position, so that their optic axis 
points diamognetically or transversely to the lines of magnetic 
force ; and when, as is the case in some crystals, there is 
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more than one optic axis, ttie resultant of these axes pointa 
diamagneticaUy. The mineral cyanite is influenced by mag- 
netism in so marked a manner that when suspended it will 
arrange itself definitely vdth reference to the direction of ter- 
restrial magnetism, and may, according to Plucker, be used 
as a compass-needle. 

There is scarcely any doubt that the force which is con- 
cerned in aggregation is tlio same which gives to matter if^ 
crystalline form ; indeed, a vast number of inorganic bodies, 
if not all, -which appear amorphons are, when closely exam- 
ined, found to be crystalline in their structure : wc thus get a 
reciprocity of action between the force which unites the mole- 
cules of matter and the magnetic force, and through the me- 
dium of the latter the correlation of the attraction of a^re- 
gation with the other modes of force may be established. 

I believe that the same principles and mode of reasoning 
as have bees adopted in this essay might bo applied to the 
organic as well as the inorganic world ; and that muscular 
force, animal and vegetable heat, &c., might, and at some 
time will, be sho^vn to have similar definite correlations ; but 1 
have purposely avoided this subject, as pertaining to a depart- 
ment of science to which I have not devoted my attention. 
I ought, however, while alluding to this subject, shortly to 
mention some experiments of Professor Matteucci, communi- 
cated to the Eoyal Society in the year 1850, by which it ap- 
pears that whatever mode of force it be which is propagated 
along the nervous filaments, this mode of force is definitely 
afieeted by currents of electricity. His experiments show 
that when a current of positive electricity traverses a portion 
of the moscle of a living animal in the same direction as that 
in which the nerves ramify — i. e. a direction from the brain 
to the extremities — a muscular contraction is produced in the 
limb experimented on, showing that the nerve of motion is 
afieeted ; while, if the current, as it is termed, be made to 
traverse the muscle in the reverse direction, or towards tlio 
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nervous centres, the aniraal utters cries, and exhibifa ail the 
tadicalioQS of suffering pain, scarcely any muscular move 
meat feeing produced ; showing that ia this case the nerves 
of sensation are affected by the electric curreiit, and therefore 
that some definite polar condition exists, or is induced, in the 
nerves, to which electricity is correlated, and that probably 
this polar condition constitutes nervous agency. There are 
other anaJogies given in the papers of M. Matteucci, and de- 
rived from the action of the electrical organs of fishes, whieh 
tend to corroborate and develope the same view- 
By an application of the doctrine of the Correlation of 
Forces, Dr. Carpenter has shown how a difficulty arising 
from the ordinary notions of the developcmcnt of an organised 
being from its germ-cell may be lessened. It has been 
thought by many physiologists that the nistis /ormaiivus, or 
organising force of an animal or vegetable structure, lies dor- 
mant in the primordial germ-cell. ' So that tlie organising 
force required to build up an oak or a palm, an elephant or a 
whale, is concentrated in a minute particle only discernible 
by microscopic md.' 

Certain other views of nearly equal difficulty have been 
proponndcd. Dr. Carpenter suggests the probability of ex- 
traneotis forces, as heat, light, and chemical affinity, contin- 
uously operating Tipon the material germ j so that all that is 
required in this is a structure capable of receiving, dlreptiog, 
and converting these forces into those which tend to the assim- 
ilation of extraneous matter and the definite developcmcnt of 
the particular stmcture. In proof of this position he shows 
how dependent the process of germ devclopement is upon the 
presence and agency of external forces, particularly heat and 
light, and how it is regulated by the measure of these forces 
supplied to it. 

It certidnly is far less difficult so to conceive the supply 
of force yielded to organised beings in their gradual process 
of growth, than to suppose a store of dormant or latent force 
pent up In a microscopic monad. 
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As by the artificial slracture of a voltaic balLury, chemi- 
cal actions may be made to cooperate in a definite direction, 
BO, by the organism of a vegetable or animal, the mode of 
motion ■which constitutefl beat, light, &c., may, without extra- 
vagance, bo conceived lo be appropriated and changed into 
the forces which induce the absorption, and assimilation of 
nutriment, and into nervous agency and muscular power. 
Indications of similar thoughts may be detected in the writings 
of Liebig. 

Some difficulty ia studying the correlations of vital with 
inorganic physical forces arises &om the effects of sensation 
and consciousness, presenting a similar confusion to that 
alluded to, 'when, in treating of heat, I ventured to suggest, 
that observers are too apt to confound the sensations with the 
phenomena. Thus, to apply some of the considerations on 
force, given ia the introductory portion of this essay, to cases 
where vitality or consciousness intervenes. "When a weight 
is raised by the hand, there should, according to the doctrine 
of non-creation of force, have been somewhere an expenditure 
equivalent to the amount of gravitation overcome in raising 
(he weight. Tlmt there ia expenditure we can prove, though 
in the present state of scicneo we cannot measure it. Thus, 
prolong the effort, raise weights for an hour or two, the vital 
powers sink, food, i. o. fresh chemical force, is required to 
supply the exhaustion. If this supply is withheld and the 
exertion is continued, we see the consumption of force in 
the supervening weakness and emaciation of the body. 

The consciousness of effort, which has formed a topic of 
argument by some writers when treating of force, and is by 
them believed to be that which has originated the idea of 
force, may by the physical student be regarded as feeling is 
■ in the phenomena of heat and cold, viz. a sensation of the 
struggle of opposing molecular motions in overcoming the 
resistance of the masses to he moved. When we say we feel 
hot, we feel cold, we feel that we ore exerting ourselves, our 
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esj roB loiis irt, inteUigible lo 1 emgs who are capable of ex- 
[jeiiLiioin^ simdar sen'sat on', but the physical ehangea 
accompinvmg the'ie aensations arc not tliereby eiplained, 
Vi ithuut pret(,nding to know whit probably we shall never 
know, the actual m d s age dt of the brain, nerces, muscles, 
&c., we may study vital as we do inorganic phenomena, both by 
observation and experiment. Thus, SirBcnjaminBrodiebas 
examined the effect of respiration on animal heat by inducing 
artificial respiratiou after the spinal cord has been severed ; 
in which case he finds the animal heat declmes, notwith- 
siouding the continuance of the chemical action of respiration, 
carbonic acid being formed as usual ; but he also finds that 
under such circumstances the struggles or muscular actions 
of the animal are very great, and sufScient piobably to ac- 
count for the force eliminated by the chemical action in 
digestion and respiration ; and Liebig, by measuring the 
amount of chemical action ju digestion and respiration, and 
comparing it with the labour performed, has to some extent 
established their equivalent relations. 

Mr. Helmholtz has found that the chemical changes which 
take place in muscles are greater when these are made to 
andergo contractions than when they are in repose ; and that, 
as would be expected, the consumption of the matter of the 
muscles, or, in other terms, the waste or cxcrementitioua 
matter thrown off, is greater in the former than in the latter 

M. Matteucci has ascertained that the muscles of recently 
killed frogs absorb oxygen and exhale carbonic acid, and that 
when they are thrown into a state of contraction, and still 
more when they perform mechanical work, the absorption is 
increased ; and lie even calculates the equivalents of work so 
performed. 

M. Eeclard finds that the quantity of heat produced by 
voluntary muscular contraction in man is greater whca that 
contraction is what he terms static, that is, when it produces 
10 
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no external- work, tut ia effort alone, than when tliai effort 
and contraction ar^ employed dynamically, so as to raise a 
weight or produce mechanical work. 

Thus, though we may see no present promise of being 
able to resolve sensations into their ultimate elements, or to 
trace, physically, the link which unites Tolition with exertion 
or effort, in terms of our own consciousness of it, we may 
hope to approximate the solution of these deeply interesting 
queslions. 

Til Ihe same individual thp chemical and physical state of 
the secreiions ia the warm may be compared with those in 
the cold parts of the body. The changes in digestion and 
respiration, when the body is in a state of rest, may be com- 
pared with those which obtain when it is in a state of activity. 
The relations with external matter, maintaining, by the con- 
stant play of natural forces, the vital nucleus, or the organi- 
sation by means of which matter and force receive, for a 
definite period, a definite iucorporalion and direction, may be 
ascertained, while the more minute structural changes are 
revealed to us by the ever-improving powers of the micro- 
scope ; and thus step by step we may learn that which it is 
given to us to learn, boundless in its range and infinite in its 
progress, and therefore never giving a response to the ultimate 
— "Why? 

As the first glimpse of a new star ia caught by the eye of 
the astronomer while directing his vision to a different point 
of space, and disappears when steadfastly gazed at, only to 
have its position and figure ultimately ascertained by the em- 
ployment of more penetrative powers, so the first scintillations 
of new natural phenomena frequently present themselves to 
Iho eye of the observer, dinily seen when viewed askance, 
and disappearing if directly looked for. When new powers 
of thought and experiment have developed and corrected the 
first notions, and given a character to the new image, proba- 
bly very different from the first impression, fresh objects arc 
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again glanced at in the margin of the new field of vision, 
which, in their turn have to he verified, and again lead to 
new extensions ; thug the efibrt to estahlish on^ observation 
leads to the imperfect perception of new and wider fields of 
research ; and, instead of approaching finality, the more 
we discover, the mora infinite appears the range of the undis* 
covered ! 
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IX.— CONCLUDING REMAEKS. 

I HAVE now gone througli the affections of matter for 
which distinct names have been given in our received 
nomenclature : that other forces may be detected, differing as 
much from them as they differ from each other, i& highly 
probable, and that when discovered, and their modes of 
action fuUy traced out, they will be found to be related infer 
ee, and to these forces as these are to each other, I believe 
to be as far certain as certainty can be predicted of any future 

It may in many eases be a difficult question to determine 
what constitutes a distinct affection of matter or mode of 
force. It is highly probable that different lines of demarca 
tlon would have been drawn between the forces already 
known, had. they been discovered in a different manner, or 
first observed at different points of the chain which connects 
them. Thus, radiant heat and light arc mainly distinguished 
by the manner in which they affect our senses : were they 
viewed according to tbe way in which they affect inorganic 
matter, very different notions would possibly be entertained 
of their character and relation. Electricity, again, was 
named from the substance in which, and magnetism from the 
district where, it first happened to bo observed, and a chain 
of intermediate phenoincna have so connected electricity with 
galvanism that they are now regarded as the eamo force. 
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differing only in the degree of its intensity and qnaniity. 
though for a long time they were regarded as distinct. 

The phenomenon of attraction and repulsion by amher; 
which originated the term electriciti/, is as imhke that of tho 
decomposition of water hy the voltaic pile, as any two natural 
phenomena can well be. It ia only because the historical 
sequence of scientific discoveries has associated them by a 
number of intcriaediate links, that they are classed under the 
same category. What is called voltaic electricity might 
equally, perhaps more appropriately, be called voltaic chemis- 
try. I mention these fa«ts to show that the distinction in the 
name may frequently he much greater than the distinction of 
the subject which it represents, and vice vcrs&, not as at all 
objecting to the received nomenclature on these points ; nor 
do I eay it would bo advisable to depart from it : were we to 
do so, inevitable confusion would result, and objections 
equally forcible might be found to apply to our new termi- 
nology. 

Words, when established to a certain point, become a 
part of the social mind ; its powers and very esistence de- 
pend upon the adoption of conventional symbols ; and were 
these suddenly departed from, or varied, according to indivi- 
dual apprehensions, the acquisition and transmission of knowl- 
edge would cease. Undoubtedly, neology is more permissi- 
ble in physical science than in any other branch of knowledge, 
because it is more progressive ; new facts or new relations 
require new names, hut even hero it should be used with great 
caution. 

Si fort* neoesso est 
Indlciis monstrare recentibas ahdita rerum, 
Fingere ciactntls non esaudita Cethegis, 
Continget; dabitiirf[ne licentia, sumpta pudenter. 

Even should the mind ever be led to dismiss the idea of 
various forces, and regard them as the exertion of one force, 
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or resolve them definitely into motion ; Btill we could never 
avoid the use of different conventional terms for the different 
modes of action of this one pervading force. 

Eeviowing the series of relations between the various 
forces which we have been considering, it would appear that 
hi many cases where one of these is excited or exists, aU the 
others are also set in action : thus, when a substance, such as 
Bulphcret of antimony, is electrified, at the instant of electri- 
sation it becomes magnetic in directions at right angles to the 
lines of electric force ; at the same time it becomes heccted to 
an extent greater or less according to the intensity of the 
electric force. If this intensity bo exalted, to a certam point 
the sulphuret becomes luminous, or light is produced : it ex- 
pands, consequently motion is produced ; and it is decomposed, 
therefore chemtoai action is produced. If we take another 
substance, say a metal, all these forces except the last are 
developed ; and although we can scarcely apply the term 
mechanical action to a substance hitherto undecomposed, and 
which, under the circumstances we are considering, enters 
into no new combination, yet it undergoes that species of 
polarisation which, as far as we can jadge, is the first step 
towards chemical action, and which, if the substance were 
decomposable, would resolve it into its elements. Perhaps, 
indeed, some hitherto undiscovered chemical action is pro- 
duced in substances which we regard as undecompo sable ; 
there are experunents to show that metals which have been 
electrised are permanently changed in their molecular consti- 
tution. Oxygen, we have seen, is changed by the electric 
spark into ozone, and phosphorus into allotropic phosphorus, 
both which changes were for a long time unknown to those 
famlHar with electrical science. 

Thus, with some substances, when one mode of ibree is 
produced all the "others are simultaneously developed. With 
other substances, probably with aU matter, some of the olhei 
forces are developed, whenever one is excited, and all ma^ ho 
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BO were the matter iu a suitable condition for their developo- 
ment, or oar meana of detecting them aulBciently delicate. 

Tliia simultaneous production of several different forces 
seems at first sight to be irreconeileable with iieir mutual and 
necessary dependence, and it certainly presents a formidahlo 
experimental difficulty in tlio way of establishing tiejr equiv- 
alent relations ; but when examined closely, it is not in fact 
inconsistent with the views we have been considering, but i3 
indeed a strong argument in favour of the theory which re 
gards them as modea of motion. 

Let us select one or two cases in which this form of ob 
joction may be prominently put forward. A voltaic battery 
decomposing water in a vollameter, while the same current 
is employed at the same time to make an electro-magnet, 
gives nevertheless in the voltameter an equivalent of gas, or 
decomposes an equivalent of an electrolyte for caeh equiva- 
lent of cbemical decomposition in the battery cells, and will- 
give the same ratios if the electro-magnet bo removed. Here, 
at first sight, it would appear that the magnetisni was an ex- 
tra force produced, and that thus more than the equivalent 
power was obtained from the battery. In answer to this 
objection it may be said, that in the circunastances under 
which this experiment is ordinarily performed, several cells 
of the battery are used, and so tliere is a fer greater amount 
of force generated in the cells than is indicated by the effect 
in the voltameter. If, moreover, the magnet be not inter- 
posed, still the magnetic force is equally existent throughout 
the whole current ; for instance, the wires joining tie plates 
win attract iron filings, deflect magnetic needles, &c., and 
produce diamagnetic effects on surrounding matter. By the 
iron core a small portion of the force is, indeed, absorbed 
while it is being made a magnet, but this ceases to be ab- 
sorbed when the magnet is made ; this has been proved by 
the observation of Mr. Latimer Clarke, who has found that 
along the wires of the electric telegraph the magnetic needles 
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placed at different stations remained fixed after tlie connection 
with the battery was made, and wliile the electric current 
acted by induction on surrounding conducting matter, separa- 
ted fiwm the wires by tlieir gutta pcrcha coating, so that a 
sort of Leyden phial was formed ; but as soon as this induc- 
tion had produced its effect between each station, or, so to 
speak, the phial wsw charged, the needles successively were 
deflected : it is like the ease of a pulley and weight, which lat- 
ter exhausts force while it is being raised ; but when raised, 
the force is free, and may be used for other purposes. 

If a hattery of one cell, just capable of decomposing water 
and no more, be employed, ttis will cease to decompose while 
making a magnet. There must, in every case, be prepon- 
derating chemical aflinity in tho battery ceils, either by the 
nature of its elements or by the reduplication of series, to 
effect decomposition in the voltameter ; and if tho point is 
just reached at which this is effected, and the power is then 
reduced by any resistance, decomposition ceases : were it 
otherwise, were tho decomposition in the voltameter tlie 
exponent of the entire force of the generating cells, and these 
could independently produce magnetic force, this latter 
force would be got from nothing, and perpetual motion be 
ohtained. 

To take another and different example : A piece of zinc 
dissolved in dilute sulphuric acid gives somewhat less heat thaa 
when the zinc has a wire of platinum attached to it, and is 
dissolved by the same quantity of acid. The argument is 
deduced that, as there is more electricity in the second than 
in the first case, fhi re should be less heat ; but as, according 
to our Tccelved IheorieB, tho heat is a product of the electric 
current, and m consequence of the impurity of zinc electrici- 
ty is generated in the first case moleeularly, in what is called 
local action, though not thrown into a general direction, 
there should be more of holh heat and clectricitj in the sec- 
ond than in the first case, as the heat and electricity due to 
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the voltaic combination of zinc and platintim are added to 
that excited on the surface 6f the zinc, and the zinc should be, 
as in fact it is, more rapidly dissolved ; so that the extra heat 
and electricity ia produced by extra chemical force. Many 
additional cases of a simOar description might be suggested. 
But although it is difficult, and perhaps impossible, to restrict 
the action of any one force to the production of one other 
force, and of one only — yet if the whole of one force, say 
chemical action, be supposed to be employed in producing its 
full equivalent of another force, say heat, then as this heat is 
capable in Its turn of reproducing chemical action, and in the 
limit, a quantify equal or at least onlj infinitely short of tho 
initial forci, if this cnuld at tho same time produce indepen- 
dently another force, say magnetiBm, we could, by adding 
the nmgnetism to the total heat, get more tlian the original 
chemical action, and thus creite force or obtain perpetual 
motion 

The term Corrdation, whith 1 selected as the title of my 
Lectures in lh43, strictly interpreted, means a necessary 
mutual or reciprocal dependence of two ideas, inseparable 
even in mental conception thus, the idea of height cannot 
cxi-it without mvohmg the i3ea of its correlate, depth; tho 
idei of parent cannot exist without involving the idea of off- 
spring. It has been scarcely, if at all, used by writers on 
physics, but there are a vast variety of physical relations to 
which, if it does not in its strictest original sense apply, 
cannot certainly be so well expressed by any other term. 
There are, for example, many facts, one of which cannot taio 
place without involving the other ; one arm of a lever can- 
not be depressed without the other being elevated — the finger 
cannot press the table without the table pressing the finger. 
A body cannot be heated without another being cooled, or 
Bome other force being exhausted in an equivalent ratio to 
the production of heat ; a body cannot be positively elec- 
trified without some other body being negatively electri- 
fied, &c. 



;d by Google 



184 COERELATION OF PHYSICAL FOECEB. 

The probability is, tliat, if not all, the greater number of 
physical phenomena are correlafive, and that, without a 
duality of conception, the mind cannot form an idea of them : 
thus motion cannot be perceived or probably imagined with- 
out parallax or relative change of position. The world waa 
believed fixed, until by comparison with the celestial bodies, 
it was found to change its place with regard to them ; had 
there been no perceptible matter external to the world, we 
should never have discovered its motion. In sailing along a 
river, the stationary vessels and objects on the banks seem 
to move past the observer : if at last he arrives at the convic- 
tion that he is moving, and not these objects, it is by correct- 
ing his senses by reflection derived from a more extensive 
previous use of them : even then he can only form a notion 
of the motion of the vessel he is in, by its change of position 
with regard to the objects it passes — that is, provided his 
body partakes of the motion of the vessel, which it only does 
when its course is perfectly smooth, otherwise the relative 
change of position of the different parts of the body and the 
vessel inform him of its alteriiating, though not of its pro- 
gressive movement. So in all physical phenomena, the effects 
produced by motion are all in proportion to the relative mo- 
tion : thus, whether the rubber of an electrical machine be 
stationary, and the cylinder mobile, or the rubber mobilo and 
the cylinder stationary, or both mobile in different directions, 
or in the same direction with different degrees of velocity, 
the electrical effects are, ccelens paribus, precisely the same, 
provided the relative motion is the same, and so, without ex- 
ception, of all othei" phenomena. The question of whether 
there can he absolute motion, or, indeed, any absolute isolated 
force, is purely the metaphysical question of idealism or real- 
ism — a question for our purpose of little import ; sulEcicnt 
for the purely physical inquirer, the maxim ' de non apparent^ 
bus et non existentihvs eadem est ratio.' 

The sense I have attached to the word correlation, in 



;d by Google 



OOKCLlIDINe HEMAEKS. 185 

treating of pliysical phenomena, will, I think, be evident from 
(he previous parts of this essay, to be tliat of a necessarj 
rcciproeal production ; in other words, that any force capable 
of producing another may, in its turn, be produced by it- 
nay, more, can be itself resisted by the force it produces, in 
proportion to the energy of sueh produciion, as action is ever 
accompanied and resisted by reaction : thus, the action cf an 
electro-magnctie machine is reacted upon by the mogneto- 
electrieity deyeloped. by its action. 

To many, however, of the cases we have been consider- 
ing, the term correlation may be applied in a more strict 
accordance with its original sense j thus, with regard to the 
forces of electricity and magnetism in a dynamic state, we 
cannot electrise a substance without magnetising it — we can- 
not magnetise it without electrising it ; — each molecule, the 
instant it is affected by one of these forces, is affected by the 
other ; but, in transverse directions, the forces are insepara- 
ble and mutually dependent — correlative, but not identical. 

The evrflution of oae force or mode of force into another 
has induced many to regard all the different natural agencies 
as reducible to unity, and as resulting from one force which 
is the efficient cause of all the others : thus, one author writes 
to prove that electiicity is the cause of every change in 
matter ; another, that chemical action is the cause of every- 
thing; another, that heat is the universal cause, and so on. 
If, as I have stated it, the true expression of the fact is, that 
each mode of force is capable of producing the others, and 
that none of them can be produced but by some other as an 
anterior force, then any view which regards either of them as 
abstractedly the efficient cause of all the rest, is erroneous ; 
the view has, I believe, arisen from a confnsion between the 
abstract or generalised meaning of the term cause, and its 
concrete or special sense ; the word itseff being indiscrimi- 
nately used in both these senses. 

Another confusion of terms has arisen, and has, indeed. 
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mueli embarrassed me in eEunclating the propositions piil 
forth in these pages, on account of the imperfection of scien- 
tific language ; an imperfection in great measure unavoidable, 
it 19 true, but not the less embarrassing. Thus, the words 
light, heat, electricity, and magnetism, are eonstanfly used in 
two senses — ^viz. that of the force producing, or the aubject- 
ivc idea of force or power, and of the effect produced, or the 
objective phenomenon. The word motion, indeed, is only 
applied to the effect, and not to the force, and the term chem- 
ical affinity is generally applied to the force, and not to the 
effect ; but the other four terms arc, for want of a distinct 
terminology, appUed indiscriminately to both. 

I may have occasionally used the same word at one time 
in a, subjective, at another in an objective sense ; all I can 
say is, that this cannot be avoided without a neology, which 
I have not the presumption to introduce, or the authority to 
enforce. Again, the use of the term forces in the pltnal 
might be objected to by those who do not attach to the term 
force the notion of a speoiflc agency, but of one universal 
power associated with matter, of which its various phenom- 
ena are but diversely modified efiects. 

"Whether the imponderable agents, viewed as force, and 
not as matter, ought to be regarded as distinct forces or as 
distinct modes of force, is probably not very material, for, as 
far as I am aware, the same result would follow either view ; 
I have therefore used the terms indiscriminately, as either 
happened to be the more expressive for the occasion. 

Throughout this essay I have placed motion in the same 
category as the other affections of matter. The course of 
reasoning adopted in it, however, appears to me to lead inev- 
itably to the conclusion that these affections of matter are 
themselves modes of motion ; that, as in the case of friction, 
(lie gross or palpable motion, which is arrested by the con- 
tact of another body, is subdivided into molecular motions or 
vibrations, which vibrations are heat or electricity, as the 
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case may be ; so the otlier affections are only matter moFe<i 
or molecularly agitated in certain definite directions. Wo 
have already considered the hypothesis that tlie passage of 
electricity and magnetism causes Tibrafions in an ether per- 
meating the bodies through which the current is transmitted, 
or the application of the same ethereal hypothesis to these 
imponderables which had previously been apphed to light ; 
many, in spealdng of some of the effects, admit that electri- 
city and magnetism cause or produce by their passage vibra- 
tions in the particles of matter, but regard the vibrations 
produced as an occasional, though not always a necessary, 
effect of the passage of electricity, or of the increment or 
decrement of magnetism. The view which I have taken is, 
that such vibrations, molecular polarisations, or motions of 
some sort from particle to particle, are themselves electricity 
or magnetism ; or, to express it in the converse, that dynamic 
electricity and magnetism are themselves motion, and that 
permanent magnetism, and Franklinic electricity, are static 
conditions of force bearing a similar relation to motion which 
tension or gravitation do. 

This theory might well bo discussed in greater detail 
than has been nsed in this work ; but to do this and to anti- 
cipate objections would lead into specialities foreign to my 
present object, in the course of this essay my principal aim 
having been rather to show the relation of forces as evinced 
by acknowledged facts, than to enter upon any detailed ex- 
planation of their specific modes of action. 

Probably man will never know the ultimate structure of 
matter or the minutiie of molecular actions ; indeed it is 
scarcely conceivable that the mind can ever attain to this 
knowledge ; the monad irresolvable by a given microscope 
may be resolved by an increase in power. Much harm has 
already been done by attempting hypothetically to dissect 
matter and to discuss the sliapes, sizes, and numbers of at^ 
oms, and their atmospheres of heat, ether, or electricity. 
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"WTiether the regardiEg electricity, light, magnetism, &c., 
as simply motions of ordinary matter, be or be not admissi- 
ble, certain ft is, that all past theories have resolved, and all 
osisting theories do resolve, the actions of these forces into 
motion. "Whether it be that, on account of our fauiiliarjty 
with motion, we refer other affeefions to it, as to a language 
which is most ctaily construed and most capable of explain- 
ing them ; whether it he that it is in reality the only mode in 
which otir minda, as eonfradistinguishcd from onr senses, are 
able to conceive material agencies ; certain it is, that since 
the period at which the mystic notions of spiritual or preter- 
natural powers were applied to account for physical phenom- 
ena, all hypotheses framed to explain them have resolved 
them info motion. Take, ior example, the theories of light 
to which I have before alluded : one of these supposes light 
to be a highly rare matter, emitted from — i. c, put in Tuotion 
by — luminous bodies ; a second supposes that the matter is 
not emitlod from luminous bodies, but that it is put into a 
state of vibration or undulation, i, o. motion, by them ; and 
thirdly, light may be regarded as an undulation or motion of 
ordinary matter, and propagated by undulation of air, glass, 
&c., as I have before stated. In all these hypotheses, matter 
and motion are the only conceptions. Nor, if we accept 
terms derived from onr own sensations, the which sensations 
themselves may be but modes of motion in the nervous fila- 
ments, can we find words to describe phenomena other than 
those exproasive of matter and motion, "We ia vain struggle 
to escape from these ideas ; if we ever do so, our mental 
powers must undergo a change of which at present we see 
no prospect. 

If we apply to any other force the mode of reasoning 
which we have applied to heat, wo shall arrive at the same 
conclusion, and see that a given source of power can, sup- 
posing it to be fully utilised in each case, yield no more by 
employing it as an exciter of one force than of another. Let 
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US fake electricity as aa example. Suppose a pound of mer- 
cury at 400" be employed to produce a thermo-electric cur 
rent, and the latter be in ita turn oinployed to produce me- 
chanical force ; if tJiia httter force be greater than that which 
the direct effect of heat would produce, then it could by com- 
pression raise the temperature of the mercury itself, or of a 
Bimilar quantity equally heated, to a higher point than its 
original temperature, the 400" to 401°, for example, which 
is obviously impossible ; nor, if we admit force to be inde- 
structible, can it produce less than 400°, or cool the second 
body except by some portion of it being converted into 
another form or mode of force. 

But aa the mechanical effect here is produced throuo^ the 
medium of electricity, and the mechanical effect is definite, 
60 the quantity of electricity producing it must be definite 
also, for unequal quantities of electricity could only produce 
an equal mechanical effect by a loss or gain of their own 
force into or out of nothing. The same reasoning will apply 
to the other forces, and wiH lead, it appears to me, necessa- 
rily and inevitably to the conclusion, that each force is defi- 
nitely and equivalently convertible into any other, and that 
where experiment does not give the full equivalent, it is be- 
cause the initial force haa been dissipated, not lost, by con- 
version into other unrecognised forces. The equivalent is the 
limit never practically reached. 

The great problem which remains to bo solved, in regard 
to the correlation of physical forces, is this establishment of 
their equivalents of power, or their measurable relation to a 
given standard. The progress made in some of the branches ' 
of tikis inquiry has been already noticed. Viewed in their 
static relations, or in the conditions roqnisito for producing 
equilibrium or quantitative equality of force, a remarkable 
relation between chemical affinity and heat is that discovered 
in many simple bodies by Dulong and Petit, and extended to 
compounds by Neumann and Avogadro. Their researebea 
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have shown that the specific heats of certain substances, 
when multiplied by their chemical equivalents, give a con- 
stant quantity as product — or, in other words, that the com- 
bining weights of such substances are those weights which 
require equal accessions or abstractions of teat, equally to 
raise or lower their temperature. To put the proposition 
more in accordance with tho view we have taken of the na- 
ture of boat ! each body has a power of communicating or 
receiving molecular repulsive power, exactly equal, weight 
for weight, to its chemical or combining power. For in- 
stance, the equivalent of lead is 104, of zinc 33, or, in round 
numbers, as 3 to 1 : these numbers are therefore inversely 
the exponents of their chemical power, tkree times as muclt 
lead as zinc being required to saturate the same quan- 
tity of an acid or substance combining with it ; but their 
power of communicating or abstracting heat or repulsive 
power is precisely tho same, for three times as much lead as 
zinc is required to produce the same amount of expansion or 
contraction in a given quantity of a third substance, such aa 
water. 

Again, a grea^. number of bodies chemically combine in 
equal volumes, i. e. in the ratios of their specific gravities ; 
but the specific gravities represent the attractive powers of 
the substance, or are the numerical exponents of the forces 
tending to produce motion in masses of matter towards each 
other ; while the chemical equivalents are the exponents of 
tho affinities or tendencies of tho molecules of dissimilar sub- 
stances to combine, and saturate each oflicr ; consequently, 
here we have to some extent an equivalent relation between 
these two modes of force — gravitation and chemical attrafl 
tioD. 

Were tho above relations extended into an universal law, 
we should have the same numerical expression for the three 
forces of heat, gravity, and afttnity ; and as electricity and 
magnetism are quantitatively related to tliem, we should have 



;d by Google 



CONCLUDING EEMAEKS. 101 

a similar expression for these forces : but at present tlie bod- 
ies in which tliia parity of force hag been discoTcred, though 
in themselves numerous, are small compared with the excep- 
tions, and, therefore, this point can only be indica,ted as prom- 
ising a generalisation, should subsequent researches alter our 
knowledge as to the elements and combining equivalents of 
matter. 

With regard to what may he called djuanaic equivalents, 
i. e. the definite relation to time of the action of these varied 
forces upon equivalents of naatter, the difficulty of establish- 
ing them is still greater. If the proposition which I stated 
at the commencement of this paper be correct, that motion 
may be subdivided or changed in character, so as to become 
heat, electricity, &c., it ought to follow that when we collect 
the dissipated and changed forces, and reconvert them, the 
initial motion, minus an infinitesimal quantity affecting the 
same amount of matter with the same velocity, should be re- 
produced, and so of the changes in matter produced by the 
other forces ; but the diffloulties of proving the truth of this 
by experiment wiU, in many cases, be all but insuperable ; 
we cannot imprison motion as we can matter, though wo may 
to some extent restrain its direction. 

The term perpetual motion, which I have not unfrequent- 
ly employed ia these pages, is itself equivocal. If the doc- 
trines here advanced be founded, all motion is, in one sense, 
perpetual. In masses whose motion is stopped by mutual 
concussion, heat or motion of the particles is generated ; and 
thus the motion continues, so thatif we could venture to extend 
such thoughts to the universe, we should assume the same 
amount of motion affecting the same amount of matter for ever. 
Where force opposes force, as in cases of static equilibrium, 
the balance of pre-existing equilibrium is affected, and fresh 
motion is started equivalent to that which is withdrawn into 
ft state of abeyance. 

But the term perpetual motion is applied, in ordinary par- 
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lance (and in such sense I have usedit), to a perpetual recur- 
rent motion, e.g. a weight which by its fall would turn a 
wheel, which wheel would, iu its turn, raise the initial weight, 
and so on forever, or until die material of which the maehine 
is made he worn out. It ia strange that to common appre- 
hension the impossibility of this is not seH-evident : if the in- 
itial weight ia to be raised by the force it has itself generated, 
it must necessarily generate a force greater than that of its 
own weight or centripetal attraction ; in other words, it must 
be capable of raising a weight heavier than itself: so that, 
setting aside the resistance of friction, &c., a weight, to pro- 
duce perpetual recurrent motion, must be heavier than an 
equal weight of matter, in short, heavier than itself. 

Suppose two equal weights at each end of an equi-armed 
lever, there is no motion ; cut off a fraction of one of them, 
and it rises while the other falls. How, now, is the lesser 
weight to bring hock the greater without any extraneous ap- 
plication of force ? If, as is obvious, it cannot do so in this 
simple form of experiment, it is d fortiori more impossible if 
machinery be added, for increased resistances have then to 
be overcome. Can we again mend this by employing any 
other force? Suppose we employ electricity, the initial 
weight in descending turns a oylmder against a cushion, and 
so generates electricity ; to make this force recurrent, the 
electricity so generated must, ia its turn, raise the initial 
weight, or one heavier than it, i. e. the initial weight must, 
through the medium of electricity, raise a weight heavier than 
itself. The same problem, applied to any other forces, wiU 
involve the same absurdity : and yet simple as the matter 
Beems, the world is hardly yet disabused of an idea little re- 
moved from superstition. 

But the importance of the deductions to be derived from 
the negation of perpetual motion seems scarcely to have im- 
pressed philosophers, and we only find here and there a scat- 
tered hint of the consequences necessarily resulting from that 
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whicli to tha thinking mind is a conrietion. Some of these 
I have ventured to put forward in the present essay, but 
many remain, and will crowd upon the mind of those who 
pursue tlie subject. Does not, for instance, the impossibility 
of perpetual motion, when thought out, involve the demon- 
stration of the impossibility, to which I have previously allud- 
ed, of any event identically recurring? 

The pendulum in vacuo, at each beat leaves a portion of 
the force which started it in the form of heat at its point of 
suspension : this force, though ever existent, can never bo re- 
stored in its Integrity to the ball of the pendulum, for in the 
process of restoration it must affect other matter, and alter 
the condition of the universe. To restore the initial force to its 
integrity, everything as it existed at the moment of the first 
beat of the pendulum must be restored in its integrity : but 
how can this be — for while the force was escaping from the 
pendidum by radiating heat from (he point of saspension, 
surrounding matter has not stood still; the very attraction 
which caused the beat of the pendulum haschangedin degree, 
for the pendulmn is nearer to or further from the sun, or 
from some planet or fixed star. 

It might be an interesting and not profitless speculation 
to follow out these and other consequences ; it would, I be- 
lieve, lead us to the conviction that the universe is ever 
changiog, and that notwithstanding secular recurrences which 
would prinifi, facie seem to replace matter in its original posi- 
tion, nothing in fact ever returns or can retnm to a state of 
existence identical with a previous stale. But the field is too 
Ulimitable for me to venture further. 

The inevitable dissipation or throwing off a portion of 
the initial force presents a great experimental ditReidty in the 
way of estabhshing the equivalents of the various natural 
forces. In the Btcam-cnginc, for instance, the heat of the 
fiimaoo not only expands the water and thereby produces the 
motion of ihe piston, but it also expands tlie iron of the boil- 
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er, of tlie cylinder and all surronnding bodies. Tlie force ex- 
pended la expanding this iron to a very small extent is equal 
to fiat which expands the vapour to a very large extent: this 
expansion of the iron ia capable, in its turn, of producing a 
groat mechanical force, which is practically lost. , Could all 
the force be applied to the vapour, an enormous addition of 
power would lie gained for the same expenditure : and per- 
haps even with our present means more might be done ia 
utilising the expansion of the iron. , 

■ Another great diflculty in experimentally ascertaining the 
djrnamic equivalents of different forces arises from the effects 
of disruption, or the overcoming an existing force. Thus, 
when a part of the initial force employed is engaged in twist- 
ing or tearing asunder matter previously held together by 
cohesive attraction, or in overcoming gravitation or inertia, 
the same amount of heat or electricity would not be evolved 
as if such obstacle were non-existent, and the initial force 
were wholly employed in producing, not in opposing. There 
is a difScuJty apparently extreme in devising experiments 
in which some portion of tlie force is not so employed. 

The initial force, however, that has been employed foi «uch 
disruption is not lost, as at the moment of disiuption the 
bodies producing it fly off, and carry with them then iorie 
Thus, let two weights be attached to a cord placed acios^ a 
bar ; when their force is sufScient to break the cord or the 
bar, the weights fail down and strike the eaith, making it 
vibrate, and so conveying away or contmmng the force ex- 
pressed by the cohesion of the bar or cord If, msteid of 
breaking a cord, the weights be emploj ed to bend a bar, their 
gravitating force,. instead of making the earth vibrate, pro- 
duces heat in the bar, and so with whatever other force be 
employed to produce effects of disruption, torsion, &c., so 
that, though difRcult in practice, the numerical problem of 
the equivalent of the force ia not theoretically irresolvable 
The voltaic battery affords us the best means of ascerfain- 
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ing the dynamic cquiYaleats of different forces, and it is probable 
that by its aid the best theoretical and practical results will bo 
ultimately attained. 

In investigating the relation of the difiercnt forces, I have 
in turn taken each one as the initial force or starting-point, 
and endeavoured to show how tte force thus arbitrarily se- 
lected could mediately or immediately produce and bo merged 
into the others : but it will be obvious to those who have at- 
tentively considered the subject, and brought their minds into 
a general accordance with the viaws I have submitted to them, 
that no force can, strictly speaking, be initial, as there must 
bo some anterior force which produced it we cannot create 
force or motion any more than we can create matter. 

Thus, to take an csample previously noticed, and recede 
backwards; the tpark ol bght is produced by electricity, 
electricity by motion, and motion 11 prodaced by something 
else, say a steam-ensme — ^that is, by htat This heat is pro- 
duced by chemical affinity, 1 e the affinity of the carbon of 
the coal for the oxygen ot the air this carbon and this oxy- 
gen have been previously eliminated by act ons difficult to 
trace, but of the pre-existence of which we cinnot doubt, 
and in which actions we should find the conpint and al- 
ternating effects of heat, bght, chemit.il afhnity, &l Thu^, 
tracing any force backwards to its antecedents, we are merged 
in an infinity of changing forms of force ; at some point we 
lose it, not because it has been in fact created at any definite 
point, but because it resolves itself into so many contributing 
forces, that the evidence of it is lost to our senses or powers 
of detection ; just as in following it forward into the effect it 
produces, it becomes, as I have before stated, so subdivided 
and dissipated as to be equally lost to our means of detection. 

Can we, indeed, suggest a proposition, definitely conceiv- 
able by the mind, of force without antecedent force? I can- 
not, without calling for the interposition of created power, 
any more than I can conceive tlie sudden appearance of a 
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mass of matter come from nowhere, and formed from noth- 
ing. The impossibility, hurnanly speaking, of creating or 
annihilating matter, lias long been a.cLtnitted, though, perhaps, 
ita distinct reception in philosophy may he set down to the 
overthrow of the doctrine of Phlogiston, and the reformation 
of chemiatry at the time of Lavoisier. The reasons for the 
adimssion of a similar doctrine as to force appear to be equally 
strong. With regard to matter, there are many cases in 
which wo never practically prove its cessation of existence, 
yet wo do not the less believe in it ; who, for instance, can 
trace, so as to re-weigh, the particles of iron worn off 
the tire of a carriage wheel? who can re-combine the parti- 
cles of wax dissipated and chemically changed in the hnmiog 
of a candle? By placing matter undergoing physical or 
chemical changes under special limiting circumstances, we 
may, indeed, acquire evidence of its continued existence, 
weight for weight — and so we may in some instances of force, 
ag in definite electrolysis : indeed the evidence we acquire of the 
continued existence of matter is by the continued exertion of 
the force it exercises, as, when we weigh it, our evidence is 
the force of attraction ; so, again, our evidence of force is 
the matter it acts upon. Thus, matter and force are corre- 
lates, in the strictest sense of the word ; the conception of 
the existence of the one involves the conception of the exis- 
tence of the other: the quantity of matter again, and the de- 
gree of force, involve conceptions of space and time. But 
to follow out these abstract relations would lead me too far 
into the alluring paths of metaphysical specnlafion. 

That the theoretical portions of this essay are open to ob- 
jection I am fuUy conscious. I cannot, however, but think 
that tho fair way to test a theory is to compare it with other 
theories, and to see whether upon the whole the balance of 
probability is in its favour. Were a theory open to no ob- 
jection it would cease to he a theory, and beccme a law; 
and were wo not to theorise, or to take generalised views of 
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natural pheuomcna tmtil those generalizations were sure and 
unobjectionatile — in otlicr words, were laws — science ■would 
be lost ia a complex mass of unconnected observations, 
which, would probably never disentangle themselves. Excess 
oa cither side is to be avoided ; although we may often err on 
the side of hasty generalisation, we may equally err on the 
side of mere elaborate collection of observations, which, 
though sometimes leading to a valuable result, yet, when cu- 
mulated without a connecting link, frequently occasion a cost- 
ly waste of time, and leave the subject to which they refer in 
greater obscurity than that in wliieh it was involved at their 
conamencement. 

Collections of facts differ iu importance, as do theories : 
the former, in many instances, derive their value from their 
capability of generalisation ; while, conversely, theories are 
valuable as methods of co-ordinating given series of facta, 
and more valuable in proportion as they require fewer excep- 
tions and fewer postulates. Facts may sometimes bo aa 
well explained by one view as by another, but without a 
theory they are unintelligible and incommunicable. Let us 
use our utmost effort to coimnunieate a fact without using the 
language of theory, and we faO ; theory is involved in all 
our expressions ; the knowledge of bygone times is imported 
into succeeding times by terms involving theoretic conceptions. 
As the knowledge of any particular science developcs itself 
our views of it become more simple ; hypotJieses, or the in- 
troduction of supposititious views, are more and more dis- 
pensed with ; words become applicable more directly to the 
phenomena, and, losing the hypothetic meaning which they 
necessarily possessed at their reception, acquire a secondary 
sense, which brings more immediately to our minds the facts 
of which they are indices. The scaffolding has served its 
purpose. The hypothesis fades away, and a theory, or gen- 
eralised view of phenomena, more independent of supposition, 
but still full of gaps and difficulties, takes its place. Tliis in 
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its turn, sbould the science continue to progress, either gives place 
toamoresimple and wider generalisation, or becomes, by the re- 
moval of objections, established as a law. Even in this more 
advanced stage, words importing theory must be used, hnt 
phenomena are now intelligible and connected, though express- 
ed by varied forms of speech. 

To tiiink on nature is to theorise ; and difficult it is not 
to be led on by the continuities of natural phenomena to the- 
ories which appear forced and unintelligible to those who 
have not pursued the same path of thought : which, more- 
over, if allowed to gain an undue influence, seduce ns from 
that truth which is the sole object of our pursuit. 

Where to draw the line — ^where to say thus far we may 
go, and no farther, in any particular class of analogies or re- 
lations which Nature presents to us ; how far to follow the 
progressive indications of thought, and where to resist its al- 
lurements — is a question of degree which must depend upon 
the judgment of each individual or of each cl^s of thinkers ; 
yet it is consolatory, that thought is seldom expended in vain. 

I have throughout endeavoured to discard the hypotheses 
of subtle or occult entities ; if in this endeavour some of my 
views have been adopted upon insufficient data, I still hope 
that this essay will not prove valueless. 

The conviction that theso-called imponderables arc modes 
of motion, will, at all events, lead the observer of natural 
phenomena to look for changes in these affections, wherever 
the intimate structure of matter is changed ; and, conversely, 
to seek for changes in matter, either temporary or permanent, 
whenever it is affected by these forces. I believe he will 
seldom do this in vain. It was not until I had long reflected 
on the subject, that I ventured to publish my viewi : their 
pnbheation may indace others to think on their subject-mat- 
ter. They are not put forward with the same objects, nor do 
they aim at the same elaboration of detail, as memoirs on 
newly-discovered physical facts : they purport to be a method 
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of mentally i-egarding known facts, some fe w of which I have 
myself made known on other occasions, hut the great masa 
of which have been accumulated by the labours of others, 
and arc admitted as established truths. Every one has a right 
to view these facta through any mcdinm he thinks fit to em- 
ploy, but some theory must exist in the minds of those who 
reflect upon the many new phenomena which have recently, 
and more particidarly daring the present century, been dis- 
covered. It is by a generalised or connected view of past 
acquisitions in natural knowledge tliat deductions can best be 
drawn as to the probable character of the results to be antici- 
pated. It is a great assistance in such investigations to be 
intimately convinced that no physical phenomena can stand 
aloae : each is inevitably coonected with anterior changes, 
and as inevitably productive of consequential changes, each 
with the other, and aU with time and space ; and, either in 
tracing back these antecedents or following up their conse- 
quents, many new phenomena will be discovered, and 
many existing phenomena, hitherto believed distinct, will 
be connected and explained : explanation is, indeed, only re- 
lation to something more familiar, not more known — i.e. 
known as to causative or creative agencies. In all pheno- 
mena the more closely they arc investigated the more arc we 
convinced that, humanly speaking, neither matter nor force 
can be created or annihilated, and that an essential cause is 
unattainable, — Causation is the will. Creation the act, of 
God. 

II . 
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ITkcvi k LuDwia Terbinand Heluiioitz was bom at Potladam, August 
31, 1821. Ho was first Qilitarj physician, aud afterwards assistint of the 
AatronomLcal Museum in Berlin (1848), and subsequently Professor Eitra- 
ordinaryof Flijdology at the Univerdty of Kiinlgaberg (1849 to 1852). He 
oeeame Professor of Physiology at the UniTersity of Bonn in 18B5, and in 
1358 accepted the phyaiologjcal chair in the TMrersity of H^delberg, Tbo 
lecture which follows was delirered at Eiinigsberg in 1854. He is an emi- 
nent iuTcatigator, and an able promoter of the recent philosophy of forces ; 
but of his life we have fewer particulars than of hia accomplished translator. 

The ancestors of Jobs Ttndall emigrated from England to the eaatem 
or Saxon border of Ireland about the middle of the laat century. He waa 
bom at the village of Lc^lin Bridge in 1820, where he reeciTed his early 
education and acquired a taale for mathematics. In 1839 he left gchool 
and joined the Ordnance Survey as a civil assistant, where he became m 
turn draughtsman, computer, surveyor, and trigometrieal observer. He was 
five years connected with the survey, and for three years occupied as rail- 
road engineer. In I84J ho became teacher in Queenswood College m Hamp- 
shire, a school for agiicultarista and enpneers, where he waa distiignished 
for his mild but efficient discipline. Pnrfessor Frankland, the ehemisl, was 
here joined with hi*^ in the worfc of instruction, and in 1848 the two friends 
left the institution and went to the University of Marbuig in Hesse Cassel, 
to study with the eminent chemist, Bunsen, In 1851 Professor Tyndall 
went to Berlin and worked at the subject of diamagnelism in the laboratory 
of Professor Magnus. He returned to London the same year, and was 
elected Fellow of the KoyaJ Society in 1863, 

Through the infl.uencc of Dr. Benee Jones, General Sabine, and Professor 
Famday, ho was appointed Profesaot of Natural Philosophy in the Koyal 
InstituUon in 18B3, aa appointment which he now holds. In company with 
his friend. Professor Huiley, he vMled the Alps in 1866; and returning each 
succeeding year, he accumulated the observations and adventures which are 
so graphically described in his " Glaciers of the Alps," pubhshed in I860. 
Professor Tyndall has worked with eminent success at various scientific 
questions, bat he is chiefly distinguished for hia ori^nal and elaborate re- 
searches on the relations of radiant heat to gaseous and vaporous matter. 
These researches are given m his able work on " Heat as a mode of Motion," 
issued in 1863. As aa experimenter, Proiessor Tyndall is marked for hia 
caatjon, accuracy, and tireless perseverance under difficulties ; as a writer, 
for his clear, vivid, and vigorous stylo. 
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ANEW conquest of ycrygcneral interest haa been recently 
made by natural philosophy. la the following pages, 1 
will endeavour to give a notion of the nature of this conquest. 
It has reference to a new and universal natural law, which 
rules the action of natural forces ia tlieir mutual relations 
towards each other, and is aa influential on our theoretic 
views of natural processes as it is important in their technical 
applications. 

Among the practical arts which owe their progress to the 
development of the natural sciences, from the conclusion of 
the middle ages downwards, practical mechanics, aided hy 
the mathematical science which bears the same name, was 
one of the most prominent. The character of the art was, at 
the time referred to, naturally very different from its present 
one. Surprised and stimulated by its own success, it thought 
no problem beyond its power, and immediately attacked some 
of tlie most difficult and complicated. Thus it was attempted 
lo huild automaton figures which should perform the functions 
of men and animals. The wonder of the last century was 
Vaucanson's duck, which fed and digested its food ; the flutc- 
playcr of the same artist, which moved all its fingers cor- 
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rectly ; the writing boy of the older, and the piano-forte play- 
er of the younger Droz : which latter, when performing, fol- 
lowed ita hands with his eyes, and at the conclu'tion of the 
piece bowed courteously lo the audience Tiiat nn,ii like 
those mentioned, whoso talent might bear comparison with 
(he most inventive heida of the pre&ent age, should spend so 
CQuch time in the construetion of these figures, which we at 
present regard as the meiest tiiflci, would bo meomprehensi- 
ble, if they had not hoped in solemn earnest to solve a great 
problem. The writing boy of the elder I>roK was publicly 
exhibited in Germany some years ago. Its wheel-work is so 
complicated, that no ordinary head would be sufficient to 
decipher Its manner of action. When, however, we arc in- 
formed that this boy and ita constructor, being suspected of the 
black art, lay for a time in the Spanish Inquisition, and with 
difSculty obt£un6d their freedom, we may infer that in those 
days even such a toy appeared great enough to excite doubts 
as to its natural origin. And though these artists may not 
have hoped to breathe into the creature of their ingenuity a 
soul gifted with moral completeness, still there were many 
who would be wiUing to dispense with the moral qualities of 
their servants, if, at the same time, their immoral qualities 
could also bo got rid of ; and aoeept, instead of the mutability 
of flesh and bones, services which should combine the regu- 
larity of a machine with the durability of brass and steel. 
The object, therefore, which the inventive genius of the past 
century placed before it with the fullest earnestness, and not 
as a piece of amusement merely, was boldly chosen, and was 
followed up with an expenditure of sagacity wliich has coatri- 
bnted not a little to enrich the mcchauical experience which a 
later time knew how to take advantage of. We no longer 
seek to binld machines which shall fulfil the thousand services 
required of one man, but desire, on the contrary, that a ma- 
chine shall perform one service, but shall occupy in doing it 
the place of a thousand men. 
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From theee efforts to imitate living creatures, another idea, 
also by a misunderstanding, seems to have developed itaelf, 
whjcii, as it were, formed the new pliilosopher'e stone of the 
seventeenth and eighfeentli centuries. It was now the endeav- 
our to constract a perpetual motion, TTnder this term was un- 
derstood a machine, which, without beiug wound up, without 
consuming in the working of it, falling water, wind, or any 
other natural force, should still continue in motion, the motive 
power being perpetually supplied by the machine itaelf. Beasts 
and human beings seemed to correspond to the idea of such an 
apparatus, for they moved themselves energetically and inces- 
santly as long as they lived, were never wound up, and nobody 
set them in motion. A connection between the tailng-in of 
nourishment and the development of force did not make itself 
apparent. The nourishment seemed only necessary to grease, 
as it were, the whcelwork of the animal machine, to replace 
what was used up, and to renew the old. The development 
of force out of itself seemed to be the essential peculiarity, the 
real quintessence of organic life. If, therefore, men were to 
be constructed, a perpetual motion must first bo found. 

Another hope also seemed to take up incidentally the sec- 
ond place, which, in our wiser age, would certainly have 
claimed the first rank in the thoughts of men. The perpetual 
motion was to produce work inexhaustibly without corre- 
sponding consumption, that is to say, out of nothing. "Work, 
however, is money. Here, therefore, the practical problem 
which tiie cunning heads of all centuries have followed in the 
most diverse ways, namely, to fabricate money out of nothing, 
invited solution. The similarity with the philosopher's stone 
Boi^t by the ancient chemists was complete. That also 
was thought to cont^n the quintessence of organic life, and to 
be capable of producing gold. 

The spur which drove men to inquiry was sharp, and the 
talent of some of tho seekers must not be estimated as small. 
The nature of the problem was quite calculated to entice por- 
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iag brains, to lead them round a circle for years, deceiving 
ever 1^111 new expectations, ■which vanished upon nearer ap" 
proach, and finally reducing these dupes of hope to open in- 
sanity. The phantom could not be grasped. It ■would be 
impossible to give a history of these efforts, as tlie clearer 
heads, among whom the elder Droz laust bo ranked, convinced 
themselves of the futility of their experiments, and were 
nat^urally not inclined to speak much about them. Bewildered 
intellects, however, proclaimed often enough that they had 
discovered the grand secret ; and as the incorrectness of their 
proceedings 'was always speedily manifest, the matter fell into 
bad repute, and the opinion strengthened itacif more and more 
that the problem was not capable of solution ; one difficulty 
after another was brought under the dominion of mathemati- 
cal mechanics, and finally a point was reached whore it could 
be proved, that, at least by the use of pure mechanical forces, 
no perpetual motion could be generated. 

We have here arrived at the idea of the driving force or 
power of a machine, and shall have much to do ■with it in 
future. I must, therefore, give an explanation of it. The 
idea of ■work is evidently transferred to macliinea by compar- 
ing their arrangements with those of men and animals to 
replace which they were applied. "We still reckon the work 
of st«am engines according to horse-power. The value of 
manual labor is determined partly by the force which is ex- 
pended in it (a strong laborer is valued more highly than a 
weak one), partly however, by the skill which is brought into 
action. A machine, oa the contrary, which executes work 
skilftilly, can always be multiplied to any extent ; hence its 
skill has not the high value of human skill in domains where 
the latter cannot be supplied by machines. Thus the idea of 
the quantity of work in the case of machines has been limited 
to the consideration of the expenditure of force ; this was tlie 
more important, as indeed most machines are constructed for 
the eypress purpose of exceeding, by the magnitude of their 
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effects, tlie powers of men and animals. Hence, in a meehaoi- 
cat sense, the idea of work is become identical witL that of 
the expenditure of force, and in this way I will apply it. 

How, then, can we measure thia expenditure, and compare 
it in the case of different machines ? 

I must hero conSuet you a portion of the way — as short a 
portion as possible — over the uninviting field of mathematieo- 
mechanical ideas, in order to bring you to a point of view from 
which a more rewarding prospect wiU open. And (hough the 
example which I shall here choose, namely, that of a water- 
mill with iron haromer, appears to bo tolerably romantic, still, 
alas, I must leave the dark forest valley, the spark-omitting 
anvil, and the black Cyclops wholly out of sight, and beg a 
moment's attention to the less poetic side of the question, 
namely, the machinery. This is driven by a water-wheel which 
in its turn is set in motion by the falling water. The axle of the 
wal«r-wheel has at certain places small projections, thumbs, 
which, during the rotation, lift the heavy hammer and permit 
it to fall again. The falling hanamer belabors the mass of 
metal, which is introduced beneath it. The work therefore 
done by the machine consists, in this case, in the lifting of the 
hammer, to do which the gravity of the latter must be over- 
come. The expenditure of force will, in the first place, other 
circomstancea being equal, he proportioned to the weight of 
the hammer ; it will, for example, be double when the weight 
of. die hammer is doubled. But the action of tho hammer 
depends not upon its weight alone, bat also upon tho height 
from which it falls. If it falls through two feet, it will pro- 
duce a greater effect than if it falls through only one foot. It 
is, however, clear that if the machine, with a certain expendi- 
ture of force, lifts the hammer a foot in height, the same 
amount of force must be expended to raise it a second foot in 
height. The work is therefore not only doubled when the 
weight of tho hammer is increased twofold, but also when tho 
space through which it falls is doubled. From this it is casj 
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U> sec that the work must be measured hy tJie product of tha 
weight into the space through which it ascends. And in this 
way, indeed, do we measure in mechanics. , 

The unit of work is a foot-pound, that ia, a pound weight 
raised to the height of one foot. 

While the work in this case consists in the raising of the 
heavy hanuaer-head, the driving force which sets the latter in 
motion, ia generated by faOiog water; It ia not necessary 
that the water should fell vertieallyj it can also flow in a 
moderately inclined bed ; but it must always, where it has 
water-mills to set in motion, move from a higher to a lower 
position. Experiment and theory coincide in teaching, that 
when a hammer of a hundred weight ia to be raised one foot, 
to accomplish this at least a hundred weight of water must 
faU through the space of one foot ; or what is equivalent to 
this, two hundred weight must fall full half a foot, or four hun- 
dred weight a quarter of a foot, etc. In short, if we multiply 
the weight of the falling water by the height through which it 
feUa, and regard, as before, the product as the measure of the 
work, then the work performed by the machine in raising the 
hammer, can, in the mostfaTourable case, be only equal to the 
number of foot-potmds of water which have fallen in the same 
timL.. In practice, indeed, this ratio is by no means attained ; 
a great portion of the work of the falling water escapes unused, 
inasmuch as part of the force is wilhngly sacrificed for the 
sake of obtaining greater speed. 

I will further remark, that this relation remains unchanged 
whether the hammer ia driven immediately by the axle of the 
wheel, or whether — by the intervention of wheel-work, end- 
less screws, pulleys, ropes — the motion is transferred to the 
hammer. We may, indeed, by sueh arrangements, succeed 
in raising a hammer of ten hundred weight, when by the first 
simple arrangement, the elevation of a hammer of one hundred 
weight might alone be possible ; but either tJiis heavier ham- 
mer is raised to only one tenth of the height, or tenfold the 



;d by Google 



TEDE FUHCnON OF MACHINES. 217 

time is ref[«iretl to raise it to the eame height ; so thai, how- 
ever we may alter, by the intfirposition of machinery, the in- 
teasityof the acting force, still in a certain time, duringwhich 
the mill-streara furnishes us with a definite quantity of water, 
a certain definite quantity of work, and no more, can he per- 
formed. 

Onr machinery, therefore, has, in the first place, done 
nothing more than mate use of the gravity of the faUing wa- 
ter in order to overpower the gravity of tlio hammer, and to 
raise the latter. "When it has lifted the hammer to the neces- 
sary height, it again liberates it, and the hammer falls upon 
tlie metal mass which is pushed beneath it. But why docs 
the falling hammer here exercise a greater force than when it 
is permitted simply to press with its own weight on the mass 
of metal? Why is its power greater as the height from which 
it falls is increased? We find, in fact, that the work per- 
formed by the hammer is determined by its velocity. In 
other cases, also, the velocity of moving masses is a means of 
producing great effects. I only remind you of the destructive 
effects of musket-bullets, which, in a state of rest, are the most 
harmless things in tlio world. I remind you of the wind-mitl, 
which derives ite force from the moving air. It may appear 
sm^rising that motion, which wo arc accustomed to regard as 
a non-essential and transitory endowment of bodies, can pro- 
duce such great efiecls. But the fact is, that motion appears 
to us, under ordinary' circumstances, transitory, because the 
movement of all terrestrial bodies is resisted perpetually by 
other forces, friction, resistance of the air, etc., so that motion 
is incessantly weakened and finally neutralized. A body, 
however, which is opposed by no resisting force, when once 
eet in motion, moves onward eternally with undiminished 
velocity. Thus we tnow that the planetary bodies have 
moved without change, through space, for thousands of years. 
Only by resisting forces can motion he diminished or destroyed, 
A moving body, such as the hammer or the nmsket-ball, whcu 
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it strikea against another, prcssea the latter togefhiir, or pens* 
trates it, until the aom of tlie resisting forces which tlie body 
struck presents to its pressure, or to the separation of its par- 
ticles, is sTifftciently great to destroy the motion of the ham- 
mer or of the hnllet. The motion of a mass regarded as 
taking the place of working force is called thelivingforce (vis 
viua) of the mass. The word " living" has of course here 
HO reference whatever to living heings, but is intended to rep- 
resent solely the force of the motion as distinguished flxim the 
state of unchanged rest — from the gravity of a motionless 
body, for example, which produces an incessant pressure 
against the surface which supports it, but does not produce 
any motion. 

In the case before us, therefore, we had first power in the 
form of a failing mass of water, then in the form of a lifted 
hammer, and, thirdly, in the form of the living force of the 
fallen hammer. We should transform the third form into tlie 
second, if wo, for example, permitted the hammer to fall upon 
a highly clastic stccJ beam strong enough to resist the shock. 
The hammer would rebound, and in the most favourahle case 
would reach a height equal to that from which it fell, hut 
would never rise higher. In this way its mass would ascend : 
and at the nioment when its highest point has been attained, 
it would represent the same number of raised foot-pounds as 
before it fell, never a greater number ; that ia to say, living 
force can generate the same amount of work as that ex- 
pended in its production. It is therefore equivalent to this 
quantity of work. 

Our clocks are driven by means of sinking weights, and 
our watches by means of the tension of springs. A weight 
which lies on the ground, an elastic spring which is without 
tension, can produce no effects ; to obtain such we muat first 
raise the weight or impart tension to the spring, which is 
accomplished when we wind up our clocks and watches. 
Thfi man who winds the clock or watch communicatee to the 
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weight or to the spring a certain amoimt of power, and ex- 
actly BO much as is thus eommunicated is gradually gi^en out 
again during the following twenty-four hours, the ori^al 
force being thus slowly consumed to overcome the friction of 
(he wheels and the resistance which the pendulum encounters 
from the air. The wheel-work of the clock therefore exhibits 
no working force which was not previously communicated to 
it, but simply distributes the force given to it uniformly over 
a longer time. 

Into the chamber of an air-gun we squeeze, by means of 
a condensing air-pump, a great quantity of air, Wlicn we 
afterwards open the cock of a gun and admit the compressed 
air into the barrel, the ball is driven out of the latter with a 
force similar to that exerted by ignited powder. Now we 
may determine the work consumed in the pumping-in of the 
air, and the living force which, upon firing, is communicated 
to the bail, hat we shall never find the latter greater than the 
former. The compressed air has generated no working force, 
but simply gives to the bullet that which has been previously 
communicated to it. And while we have pumped for perhaps 
a qoarter of an hour to charge the gun, the force is expended 
in a few seconds when tho bullet is discharged ; hut becanse 
the action is compressed into so short a time, a much greater 
velocity is imparted to the ball than woold be possible to com- 
mtmieate to it by the unaided effort of the arm in throw- 
ing it. 

-From tliese examples you observe, and the mathematical 
theory has corroborated this for all purely mechanical, that is 
to say, for moving forces, that all our machinery and appara- 
tus generate no force, but simply yield up the power com- 
municated to them, by nattu-al forces, — falling water, moving 
wind, or by the muscles of men and animals. After tiiis law 
had been established by the great naathematicians of the last 
century, a perpetual motion, which should maie only use of 
pure mechanical forces, such as gravity, elasticity, pressure of 
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liquids and gases, could only be eoagM after by bewildered 
and ill-instructed people. But there arc still otlier natural 
forces wliicli are not reckoned among tlie purely moving 
forces, — heat, electricity, magnetism, light, chenaical forces, 
all of whicli nevertheless stand in manifold relation to me- 
ehameal processes. There is hardly a natural process to be 
found which is not accompanied by mechanical actions, or 
from which mechanical work may not be derived. Hero the 
question of a perpetual motion remained open ; the decision 
of this question marks the progress of modem physics. 

Tn the case of ttic air-gun, the work to he accomplished in 
the propulsion of the ball was given by the arm of the man 
who pumped in the air. In ordinary firearms, the condensed 
mass of air which propels the bullet is obtained in a totally 
different manner, namely, by the combustion of the powder. 
Gunpowder is transformed by combustion for the most part 
into gaseous products, which endeavor to occupy a much 
larger space than that previously taken np by the volume of 
the powder. Thus, you see, that, by the use of gunpowder, 
the work which the human arm must accomplish in the case 
of the air-gun is spared. 

In the mightiest of our machines, the steam engine, it is a 
strongly compressed aijriform. body, water vapour, which, by 
its effort to expand, sets the machine in motion. Here also, 
we do not condense the steam by means of an external 
mechanical force, but by communicating heat to a mass of 
water in a closed boiler, we change this water into steam, 
which, in consequence of the limits of the space, is developed 
under strong pressure. In this case, therefore, it is the heat 
communicated which generates the mechanical force. The 
heat thus necessary for the machine we might obtain in many 
ways ; the ordinary method is to procure it from the combus- 
tion of coal. 

Combustion is a chemical process. A particular constitu- 
ent of our atmosphere, oxygen, possesses a strong force o£ 
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altraction, or, as it is named ia chemistry, a strong affinity 
for tlie constituents of tlie comlinstible body, which afBnilj, 
however, in most cases, can only exert itself at high tempera- 
tures. As soon as a portion of the comhuatible hody, for ex- 
ample the coal, is sutficicntly heated, the carhon unites itself 
with great violence to the oxygen of the atmosphere and forms 
a peculiar gas, carbonic a«id, the same which wc see foaming 
from beer and champagne. Bythia combination, light and heat 
are generated ; heat is generally developed by any combination 
of two bodies of strong affinity for each other ; and when the 
heat is intense enough, light appears. Hence, in the steam 
engine, it is chemical processes and chemical forces which pro- 
duce the astonishing wort of these machines. In like manner 
the combustion of gunpowder is a chemical process, which, 
in the barrel of the gim, communicates living force to the 
bullet. 

While now the steam engine develops for us mechanicnl 
work out of heat, we can conversely generate heat by mechani- 
cal forces. A skilful blacksmith can render an iron wedge red 
hot by haromering. The asles of our carriages must be pro- 
tected by careful greasing, from ignition through friction. 
Evea lately this property has been applied on a large scale. In 
some factories, where a surplus of water power is at hand, this 
surplus is applied to cause a strong iron plate to rotate swiftly 
upon another, so that they become strongly heated hy the fric- 
tion. The heat so obtained warms the room, and thus a stove 
without fuel is provided. Now, could not the heat generated 
by the plates be applied to a small steam engine, which, in its 
turn, should be able to keep the rubbing plat«8 in motion ? 
The perpetual motion would thus be at length found. This 
question might be asked, and could not be decided by the 
older mathematico-mechanical investigations. I will remark, 
beforehand, that the general law which 1 will lay before yoa 
answers the question in the negative. 

By a similar plan, however, a speculative Amcriciin set 
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some time ago the industrial world of Europe in excitement. 
The magneto- electric machines oiteu made use of in the casu 
of rheumatic disorders are well known to the public. By 
imparting a swift rotation to the magnet of such a machine, 
we obtain powerful curretits of electricity. If those be con- 
ducted through water, the latter will be reduced into its two 
components, oxygen and hydrogen. By the combustion of 
hydrogen, water ia again generated. If this combustion tales 
place, not in atmospheric air, of which oxygen only consti- 
tutes a fifth pari, but in pure oxygen, and if a bit of chali be 
placed in the flame, the chalk will be raised to a white heat, 
and give us the sun-like Drumniond's light. At the same 
time, the flame develops a considerable quantity of. beat. 
Our American proposed to utilize in this way the gases 
obtained from electrolytic decomposition, and asserted that by 
the combustion a sufBcient amount of heat was generated to 
ke«p a small steam engine in action, which again drove his 
magneto-electric machine, decomposed the water, and tlius 
continually" prepared its own fuel. This would certainly have 
been the most splendid of all discoveries ; a perpetual motion 
which, besides tiie force which kept it going, generated light 
Uke the sun, and warmed all around it. The matter was by 
no means badly cogitated. Each practical step in tlie affair 
was known to be possible ; but those who at that time were 
acquainted with the physical investigations which bear upon 
this Bubjcct could have affirmed, on the first hearing the 
report, that the matter was to be numbered among the numer- 
ous stories of the fahle-rich America ; and indeed, a fable it 



It is not necessary to multiply examples further. You 
will infer from those given, in v/hat immediate connection 
heat, electricity, magnetism, light, and chemical aflinity, stand 
with mechanical forces. 

Starting from each of these different manifestations of 
natural forces, we can set every other in motion, for the most 
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part not in one way merely, bnt in many ways. Il is here aa 
with the weaver's web, — 

Wlicro a stop stirs a ttousand threads, 

The shuttles shoot from sido to side, 

The fibres flow nnseco, 

And one shock strikes a thousand combi nations. 

Now it is clear that if by any means we could succeed, as 
the above American professed to have done, by mechanical 
forces, to excite chemical, electrical, or other natural pro- 
cesses, which, by any circuit whatever, and without altering 
permsmently the active masses in the machine, could produce 
mechanical force in greater quantity than that at first applied, 
a portion of tlio work Ibus gained might be made use of to 
keep the machine in motion, while the rest of the work might 
be applied to any other purpose whatever. The problem 
was, to find in the compKoated net of reciprocal actions, a 
track through chemical, electrical, magnetical, and thermic 
processes, back to mechanical actions, which might be followed 
with a final gain of mechanical work ; thus would the perpet- 
ual motion bo foaad. 

But, warned by the futility of former erperimcnts, tho 
public had become wiser. On the whole, people did not seek 
much after combinations which promised to furnish a perpetual 
motion, but the question was inverted. It was no more 
asked, IIow can I make use of the known and unknown rela- 
tions of natural forces so as to construct a perpetual motion? 
but it was asked, If a perpetual motion be impossible, what 
are the relations which mtist stibsist between natural forces? 
Everything was gained by this inversion of tho question. 
Ihe relations of natural forces rendered necessary by the 
above assumption, might he easily and completely stated. It 
was found that all known relations of force harmonize with 
the consequences of that assumption, and a series of unknown 
relations were discovered at the same time, the correctness of 
13 
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which remained fo be proved. If a single one of them coiild 
be proved false, then a perpetnal motion would be possible. 

The first who endeavoured to travel this way was a French 
man, named Camot, in the year 1824. In spite of a too 
limited conception of his subject, and an incorrect view aa to 
the nature of heat, which led him to some erroneous conclu. 
sions, his experiment was not quite unsuccessful. He dis- 
covered a law which now bears his name, and to v/liich I will 
return further on. 

His labors remained for a long time without notice, and it 
was not till eighteen years ailerwards, that is, in 1842, that 
different investigators in different countries, and independent 
of Camot, laid hold of the same thought. 

The first who saw truly the general law here referred to, 
and expressed it eorrectly, was a German physician, J. E. 
Mayer, of HcUbronn, in the year 1842. A little later, in 
1843, a Dane, named Colding, presented a memoLr to the 
Academy of Copenhagen, in which the same law found utter- 
ance, and some experiments were described for its farther 
corroboration. In England, Joule bi-gan about the same time 
to make experiments having reference to the same subject. 
We often find, in the case of questions to the solution of 
which the development of science points, that several heads, 
qiUite independent of each other, generate exactly the same 



I myself, without being acquainted with either llayer or 
Colding, and having first made the acquaintance of Joule's 
experiments at the end of my investigation, followed the same 
path. I endeavoured to ascertain all the relations between the 
different natural processes, which followed from our regarding 
them from the above point of view. My inquiry was madu 
public iu 1847, in a small pamphlet bearing the title, " Ou 
the Conservation of Force." 

Since that time ttie interest of the scientific public for tliia 
Bubject has gradually angmented. A great number of the 
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essential consequences of tlie above manner of viewing iha 
subject, tbe proof of wbich was wanting when the first 
tbeoretic notions were published, have since been confirmed 
by experiment, pavtieolarly by those of Joule ; and during 
the last year the most eminent physicist of Franco, Ecgnault, 
has adopted the new mode regarding the question, and by 
fresh investigations on the specific heat of gases has contri- 
buted mneh to its support. For some important consequences 
the experimental proof is stiU. wanting, but the nnmber of 
confirmations is so predominant, that I have not deemed it 
loo early to bring the subject before even a non-scientific 



How tiie question has been decided yon may already infer 
from what has been stated. In the series of natural processes 
there is no circuit to be found, by which mechanical force can 
he gained without a corresponding consumption. The per- 
petual motion remains impossible. Our rcflcctaons, however, 
gain thereby a higher interest. 

"Wo have thas far regarded the development of force by 
natural processes, only in its relation to its usefulness to man, 
as mechanical force. You now see that we have arrived at a 
general law, which holds good wholly independent of ihe 
appUcation which man makes of natural forces ; we must 
therefore make (he expression of our now law correspond to 
this more general significance. It is in the first pla«e clear, 
that the work which, by any natural process whatever, is per- 
formed under fiivourable conditions by a machine, and which 
1 the way already indicated, may be nsed 
e of force common to aU. Further, the impor- 
tant question arises, " If the quantity offeree cannot be aug- 
mented except by corresponding consumption, can it he 
diminished or lost? For the purpose of onr maebines it cer- 
tainly can, if we neglect the opportnnity to convert natural 
processes to use, but as investigation has proved, not for a 
nature as a whole." 
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la tlic collision and frictioa of bodies agaiust each other, 
the mechanics of former years assumed simply that lining 
force was lost. Eut I have already stated that each ecdlisioB 
and each act of friotioa generates heat ; and, moreover, Jonle 
has established by experiment the important law, that for 
every foot-pound of force which is lost, a definite quantity cf 
heat is always generated, and that when Tvork is performed 
by the consumption of heat, for each foot-pound thus gained a 
definite quantity of heat disappears. The quantity of heat 
necessary to raise the temperature of a poand of water a de- 
gree of the centigrade thermometer, corresponds to a mechani- 
cal force by which a pound weight would be raised to the 
height of 1350 feet ; we name this quantity the mechanical 
equivalent of heat. I may mention here that these facta con- 
duct of necessity to the conclusion, that the heat is not, as 
was formerly imagined, a fine imponderable substance, but 
that, like light, it is a peculiar shivering motion of the ultir 
mate particles of bodies. In collision and friction, according 
to this manner of viewing the subject, the motion of the mass 
of a body which is apparently lost is converted into a naotion 
of the ultimate particles of the body ; and conversely, when 
mechaaieal force is generated by heat, the motion of the ulti- 
mate particles is converted into a motion of the mass. 

Chemical combinations generate heat, and the quantity of 
this heat is totally independent of the time and steps through 
which the combination has been effected, provided that other 
actions are not at the same time brought into play. If, however, 
mechanical work is at the same time accomplished, as in Iho 
case of the steam engine, we obtain as much less heat as is ' 
equivalent to this work. Tho quantity of work produced by 
chemical force is in general very great. A poimd of the 
purest coal gives, wben burnt, sufficient heat to raise the tem- 
perature of 8086 pounds of water one degree of the centi- 
grade thermometer ; from this we can calculate that tho mag- 
nitude of the chemical force of atlraeiion between the parti- 
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oles of a pound of coal and the quantity of oxygen that corre- 
sponds to it, is capable of lifting a weight of one hundred 
pounds to a height of twenty miles. Unfortunately, in our 
steam engines, we have hitherto been ahle to gain only the 
smallest portion of this work ; the greater part is lost in the 
shape of heat. The best expansive engines give back as 
mechanical work only eighteen per cent, of the heat generated 
by the fuel. 

From a similar investigation of all the other known physi- 
cal and chemical processes, we arrive at the conclusion that 
Nature as a whole possesses a store of force which cannot in 
any way be either increased or diminished. And that, thcrc-- 
fore, the quantity of force in nature is just as eternal and 
unalterable as the quantity of matter. Expressed in this form, 
I have named the general law " The Principle of the Conser 
vation of Force." 

We cannot create mechanical force, but we may help our- 
selves from the general store-house of Nature. The brook 
and the wind, which drive our mills, the forest and the coal- 
bed, which supply our steam engines and warm our rooms, 
are to us the bearers of a small portion of the groat natural 
supply which wo draw upon for our purposes, and the actions 
of which we can apply as we think fit. The possessor of a 
mill claims the gravity of the descending rivulet, or the living 
force of the moving wind, as his possession. These por- 
tions of the store of Nature are what give his property its 
chief valno. 

Further, from the fact that no portion of force can be 
absolutely lost, it does not follow that a portion may not be 
inapplicable to human purposes. In this respect the infer- 
ences drawn by William Thomson from the law of Camot 
are of importance. This law, which was discovered by Car- 
not during his endeavours to ascertain the relations between 
heat and mechanical force, which, however, by no means 
belongs to the necessary consequences of the conservation of 
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force, and whicli Clausius was the first to modify in sucli a 
manner that it Qo longer contradicted tlie above general law, 
expresses a certain relation between the compressibiiity, the 
capacity for heat, and the expansion by heat of all bodies. It 
is not yet considered as actually proved, but some remarkable 
deductions having been drawn from it, and afterwards proved 
to be facta by experiment, it has attained thereby a great 
degree of probability. Besides the mathematieal form in 
which the law was first expressed by Camot, we can give it 
the following more general expression :— " Only when heat 
passes from a wanner to a colder body, and even then only 
■partially can it be converted into mechtnic^l work " 

T 

ch g m rm 



divide tho total force store of the universe info two parts, one 
of which is heat, and must continue to be such , the othei, to 
which a portion of the heat of tho waimer bodieis, and the 
total supply of chemical, mechanical, clectncxl, and magneti- 
cal forces belong, is capable of the most vaiicd changes of 
form, and constitutes the whole wealth of change which takes 
pla«e in nature. 

But the heat of the warmer bodies strives p(,rpt,tuitll} io 
pass to bodies less warm byradition and conduction, and thus 
to establish an eqmhbnum of temperature. At each motion 
of a terrestrial body, a portion of mechanical force passes by 
friction or collision into heat, of which only a part can be 
converted bock again into mechanical force. This is also 
generally the case in every electrical and chemical process. 
From this, it follows that the first portion of the store of force, 



;d by Google 



THE FOKCKS OF NATPKE DISSIPATED IN HEAT. 223 

the uncIiatLgeable heat, is augmented by every natural pro- 
cess, while the second portion, mechanical, electrical, and 
chemical force, must bo diminished ; so that if the universe 
be deUvered over to the undisturbed action of its physical pro- 
ceases, aU force -will finally pass into the form of heat, and all 
heat come into a state of equilibrium. Then all possibility of 
a farther change would be at an end, and the complete cessa- 
tion of all natural processes must set in. The life of men, 
animals, and plants, could not of course continue if the sun 
had lost its high temperature, and with it his light, — if all the 
components of the earth's surface had closed those combina^ 
tions which their affinities demand. In short, the universe 
from that time forward wonld be condemned to a state of 
eternal rest. 

These consequences of the law of Camot arc, of course, 
only valid, provided that Ihe law, when sufficiently tested, 
proves to be universally correct. In the mean time there is 
litlde prospect of the law being proved incorrect. At all 
events we must admire the Ragacity of Thomson, who, in the 
letters of a long known little mathematical formula, which 
only speaks of the heat, volume, and pressure of bodies, 
was able to discern consequences which threatened the uni- 
verse, though certainly after an infinite period of time, with 
eternal death. 

I have already given ynu notice that our path lay through 
a thomy and unrefresMiig field of mathematico-mechanical 
developments. Wc have now left this portion of our road 
behind us. The general principle which I have sought to lay 
before you has conducted us to a point from which our view 
is a wide one, and, aided hy this principle, we can now at 
pleasure regard this or the other side of the surrounding 
world, according as our interest in the matter leads us. A 
glamee into Ihe narrow hiboratory of Ihe physicist, with its 
email appliances and complicated abstractions, will not be so 
attractive as a glance at the wide heaven above us, the clouds, 
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the rivers, tlio woods, and the- living beings around us. While 
regarding the laws which have been deduced from the physi- 
cal processes of terrestrial bodies, as applicable also to the 
hcayenly bodies, let me remind yon that the same force which, 
acting at the earth's surface, we call gravity (^Schwere), acts 
as gravitation in the celestial spaces, and also manifests its 
power in the m.otioQ of the immeasurably distant double stars 
which are governed by fexactly the same laws as those sab- 
sisting between the earth and moon ; that, therefore, the 
light and heat of terrestrial bodies do not in any way differ 
essentially from those of the sun, or of the most distant fixed 
star ; that the meteoric stones which sometimes fall from ex- 
ternal space upon the earth are composed of exactly the same 
simple chemical substances as those with which wo are 
acquainted. We need, therefore, foci no scruple in granting 
that general laws to which aU terrestrial natural processes 
are .subject, are also valid for other bodies than the earth. 
We will, therefore, make use of our law to glance over the 
household of the universe vrith respect to the store of force, 
capable of aetion, which it possesses. 

A number of singular peculiarities in the structure of our 
planetary system indicate that it was once a connected mass 
with a uniform motion of rotation. Without such an assumx"- 
tion, it is imxwssiblo to explain why aH the planets move in the 
same direction round tlie sun, wLy they all rotate in the same 
direction ronad their axes, why the planes of their orbits, and 
those of their satellites and rings all nearly coincide, why all 
their orbits differ but little from circles; and much besides. 
From these remaining indications of a former state, astrono- 
mers have shaped an hypoSiesis regarding the formation of 
our planetary system, which, although from the nature of the 
case it must ever remain an hypothesis, still in its special 
traits is so well supported by analogy, that it certainly de- 
serves our attention. It was Eaat, who, feeling great inter- 
est in the physical description of the earth and the planetary 
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system, undertook the labour of studying t!ie works of New- 
ton, and as an evidence of the depth to which he had pene- 
trated into the fundamental ideas of Newton, seized the notioc 
that the same attractive force of all ponderable matter which 
now supports tlie motion of the planets, must also aforetime 
have been able to form from matter loosely scattered in space 
the planetary system. Afterwards, and independent of Kant, 
Laplace, the great author of the Mecaniqwi Celeste, laid hold 
of the same thought, and introduced it among astronomers. 

The commencement of our planetary system, indnding 
the sun, must, according to this, be regarded as an immense 
nebulous mass which filled the portion of space which is now 
occupied by our system, far beyond the limits of Neptune, 
our moat distant planet. Even now we perhaps see similar 
masses in the distant regions of the firmament, as patches of 
nebula), and nebulous stars ; within our system, also, comets, 
the zodiacal light, the corona of the sun during a total eclipse, 
eshibit remnants of a nebulous substance, which is so thin 
that the light of the stars passes through it unenfeebled and 
Tinrefracted. If wc calculate the density of the mass of our 
planetary system, according to the above assumption, for tlie 
time when it was a nebulous sphere, which reached to the 
path of the outmost planet, we should find that it would 
require several cubic miles of such matter to weigh a single 

The general attractive force of all matter must, however, 
impel these masses to approach each other, and to condense, 
BO that the nebulous sphere became incessantly smaller, by 
which, according to mechanical laws, a mofion of rotation 
originally slow, and tLe existence of which must be assumed, 
would gradually become quicker and quicker. By the cen- 
trifttgal force which most act moat energetically in the neigh- 
bourhood of the equator of the nebulous sphere, masses 
could from time to time be torn away, which afterwards would 
jontinue iheir courses separate from tlie main mass, forming 
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themselves into single planets, or, similar to the great ori^^ 
nal sphere, into planets with satellites and rings, unlil finally 
the principal mass condensed itself into the stm. With 
regard to the origin of heat and light, this view gives ua no 
iafonnation, 

"When the nebulous chaos first separated itself from other 
fixed star masses, it must not only have contained all kinds 
of matter which was to constitute the future planetary sys- 
tem, but also, in accordance with our new law, the whole 
store of force which at one time must unfold therein its wealth 
of actions. Indeed in this respect an immense dower was 
hestowed in the shape of the general attraction of all the par- 
ticles for each other. This force, which on the earth exerts 
itself as gravity, acts in the heavenly spaces as gravitation. 
As tarrestrial gravity when it draws a weight downwards 
performs work and generates vis viva, so also the heavenly 
bodies do the same when they draw two portions of matter 
from distant regions of space towards each other. 

The chemical forces must have been also present, ready 
to act; but as these forces can only come into operation 
by the most intimate contact of the difierent masses, con- 
densation must have taken place before the play of chemical 
forces hegan. 

Whether a still further supply of force in the sliape of 
heat was present at the commencement we do not know. At 
all events, by aid of the law of the equivalence of heat and 
work, we find in the mechanical forces, existing at the time 
to which we refer, such a rich source of heat and light, that 
there is no necessity whatever to take refuge in the idea of a 
store of these forces originally existmg. When through con- 
densation of the masses their particles came into collision, 
and clung to each other, the vis viva of their motion would be 
thereby annihilated, and must reappear as heat. Aheady in 
old theories, it has been calculated, that cosmical masses must 
generate heat by their collision, hut it was far from any body's 
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lliought, to make even a guess at the amount of heat to be 
generated in tliis way. At present we can give definite 
numerical vaJuea ■with certainty. 

Ijet us make this addition to our assumption ; that, at the 
coTninencemeiit, the density of the nebnicns matter was a van- 
ishing quantity, as compared with the present density of tho 
eua and planets ; we can then calculate how much work has 
been performed by the condensation ; we can further calcu- 
late how m.uch of this work still exists in the form of mechani- 
cal force, as attraction of the planets towards the sun, and aa 
tits viva of their motion, and find, by this, how much of the 
force has been converted into heat. 

The result of this calculation is, that only about the 454th 
part of the original mechanical force remains as such, and 
that the remainder, converted into heat, would be sufBcient to 
raise a mass of water equal to tlic sun and pliinets taken to- 
gether, not leis than twenty-eight millions of degrees of the 
centiprade scale. For the sake of comparison, I will mention 
that tha highest temperature which we can produce by the 
oxyhydrogen blowpipe, which is sufficient to fuse and vapor- 
ize even platina, and which but few bodies can endure, is 
estimated at about two thousand centigrade degrees. Of the 
action of a temperature of twenty-eight millions of such de- 
grees we can form no notion. If the mass of our entire sys- 
tem were pure coal, by the combustion of the whole of it only 
the 3500th part of the above quantity would be generated. 
This is also clear, that sucli a development of heat must have 
presented the greatest obstacle to the speedy union of the 
masses, that the larger part of the heat must have been 

. diffused by radiation into space, before the masses could form 
bodies possessing the present density of the sun and planets, 
and that these bodies must once have been in a state of fiery 

-^fluidity. This notion is corroborated by the geological phe- 
nomena of our planet ; and with regard to tho other planetary 
bodies, the flattened form of the sphere, which iw the form o( 
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eqnilibriimi of a fluid mass, is indicalive of a former state of 
fluidity. If I thus permit aa iaimense quantity of heaf 
to disappear ivitliout compensation from our syst«m, tlia 
principle of the conservation of force is not thereby invaded. 
Certainly for our planet it is lost, but not for the universe. 
It has proceeded outwards, and daily proceeds outwards into 
infinite space ; and we know not vjhether the medium which 
transmits the undulations of light and teat possesses an end 
where the rays must return, or whether Ihey eternally pursue 
their way through infinitude. 

The store of force at present possessed by our system, is 
also equivalent to immense quantities of beat. If our earth 
were by a sudden shock brought to rest on her orbit — which 
is not to bo feared in the existing arrangements of onr system 
— ^by such a shock a quantity of heat would be generated 
equal to that prodnced by the combustion of fourteen such 
earths of solid coal. Malting the most unfavourable assimip- 
tion as to itjs capacity for heat, that is, placing it equal to that 
of water, the mass of the earth would thereby be heated 11,200 
degrees ; it -would tliorefore be quite fused and for the most 
part reduced to vapour. If, then, the earth, after having been 
thus brought to rest, should fall into the sun, which of course 
would be tlie case, the quantity of heat developed by the shock 
would be four hundred times greater. 

Even now, from time to time, such a process is repeated 
on a small scale. There can hardly be a doubt that meteors, 
Cre-baUs, and meteoric stones, are masses which belong to 
the universe, and before coming into the domain of our earth, 
moved like the planets round the sun. Only when they enter 
our atmosphere do they become visible and fall sometimes to 
the earth. In order to explain the emission of light hy 
these bodies, and the fact that for some time after their 
descent they are very hot, the friction was long ago thought 
of which they experience in passing through the air. Wa 
can now calculate that a velocity of 3000 feet a second, 
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supposing the whole o£ tike friction to be expended in heating 
the solid mass, would raise a piece of meteoric iron 1000° C. 
in temperature, or, in other words, to a vivid red heat. Now 
the average veloeitif of the meteors seetiis to bo thirty or forty 
tdiaes the above amoatit. To compensate this, however, the 
greater portion of the heat is, doubtless, carried away by the 
condensed mass of air which the meteor drives before it. It 
is known that bright meteors generally leave a luminous, trail 
behind them, which probably consists of several portions of 
the red-Lot surfaces. Meteoric masses which fall to the earth 
often burst with a violent explosion, which may be regarded 
as a result of the quick heating. The newly-fallen pieces 
have been for the most part found hot, but not red-hot, which 
is cosily explainable by the circumstance, that during the 
short time occapiod by the meteor in passing through the 
atmosphere, only a thin, superficial layer is heated to redness, 
while but a email quantity of heat has been able to penetrate 
to the interior of the mass. For this reason the red heat can 
speedily disappear. 

Thus has the falling of the meteoric stone, the minnte 
remnant of processes which seems to have played an impor- 
tant part in the formation of the heavenly bodies, conducted 
us to the present time, where we pass from the darkness of 
hypothetical views to tlie brightness of knowledge. In what 
we have said, however, all that is hypothetical is the assump- 
tion of Kant and Laplace, that the masses of our system were 
once distributed as nebulas in space, 

On account of the rarity of the case, we will still farther 
remark, in what close coincidence the results of science here 
stand with the earlier legends of the human faniily, and the 
forebodings of poetic fancy. The cosmogony of ancient na- 
tions generaUy commences with chaos and darkness. 

Neither is the Mosaic tradition very divergent, particu- 
larly when we remember that that which Moses names heaven 
is different from the blue dome above us, and is synonymous 
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with apace, and that the anformed earth, and the waters of 
the great deep, ■which were af'terwarJa divided into waters 
above the firmament, and waters helow the firmament, resem- 
bled the chaotic components of the world. 

Om- earth bears still the uiimiL'takable traces of its olil 
fiery fluid condition. The granite formations of her moun- 
faina exhibit a atructure, which can only be produced by the 
crystallization of fused masses. Investigation still shows 
that the temperature in mines, and borings, increases as we 
descend ; and if this increase is nniform, at the depth of fifty 
miles, a heat exists sufiicieat to fuse all our minerals. Even 
now our volcanoes project, from time to lime, mighty masses 
of fttsed rocks from their interior, as a testimony of the heat 
which exists there. But the cooled crust of the earth has 
, already become ao thick, that, as may be shown by calcula- 
tions of its conductive power, the heat coming to the surface 
from within, in comparison with that reaching the earth from 
the sun, is exceedingly small, and increases the temperature 
of the surface only about one thIrtictJi of a degree centigrade ; 
so that the remnant of the old store offeree which Is enclosed 
as heat within the bowels of the earth, has a sensible influence 
upon the processes at the earth's surface, only through the 
instrumentality of volcanic phenomena. These processes owe 
their power diinost inholly to the action of other heavenly bodies^ 
particularly to the UgU and heat of the mm, and fwrtly also, 
in the case of the tides, to the attraction of the mn and moon. 

Most varied and numerous are the changes which we owe 
to the light and heat of the sun. The eun heats our atmos- 
phere irregularly, the warm rarefied air ascends, while fresh 
cool air flows from the sides to supply its place : in this way 
winds are generated. Thia action is moat powerful at the 
equator, the warm air of which incessantly flows in the npper 
reglona of the atmosphere towards the poles : while just as 
persistently, at tlie earth's surface, the trade wind carries new 
and cool air to the equator. Without the heat of the sun all 



;d by Google 



BOLAE FORCE PRODUCES THE WATER CIECHLATIONS. 237 

winds must, of necessity, cease. Similar cnrrents are pro- 
duced hy the same canse in the waters of the sea. Their pow- 
er may be inferred from the influence which in some caaea 
they exert, upon climate; By them the warm water of the 
Antilles is carried to tha British Isles, and confers upon them 
a mild, uniform warmth and rich moisture ; while, through 
similar causes, the floating ice of the North Pole is carried to 
the coast of Newfonndland, and produces cold. Further, by 
the heat of the sua, a portion of the water is conperted into 
vapour whieh rises in the atmosphere, is condensed to clouds, 
or falls in rain and snow upon the earth, collects in the form 
of springs, brooks, and rivers, and Anally reaches the sea 
again, after having gnawed the rocks, carried away the light 
earth, and thus performed its part in the geologic changes of 
the earth ; perhaps, besides all this it has driven our water- 
mill upon its way. If the heat of the sun were withdrawn, 
there would remain only a single motion of water, namely, 
the tides, which are produced by the attraction of the sun and 

How is it, now, with the motions and the work of organic 
beings. To the builders of the automata of the last century, 
men and animals appeared as clockwork which was never 
wound up, and created the force which they exerted out of 
nothing. They did not know how to establish a connection 
between the nutriment consumed and the work generated, 
Since, however, wc have learned to discern in the steam-en- 
gine this origin of mechanical force, we must inquire whether 
Bomethingsimilardoesnothold good with regard to men. In- 
deed, the continuation of life is dependent on the consumption 
of nutritive materials : these are combustible substances, which, 
after digestion and being passed into the blood, actually under- 
go a slow combustion, and finally enter into almost the same 
combinations with the oxygen of the atmosphere that are pro- 
duced in an open fire. As the quantity of heat generated by 
combustion is independent of the duration of the combustion and 
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the steps in ■wbieli it oceursj we can calculate from the mass of 
the consumed material how much heat, or its equivalent work 
is therehy generated in an animal body. Unfortunately, the 
difficulty of the exporiments is still very great ; hut within 
those limits of accuracy wiiich have heen as yet attainable, the 
csperiiaents show that the heat generated in the animal hody 
eoireapottds to the amount which would he generated by the 
cliEmieal processes. The animal body therefore does not differ 
from the steam.-engine, aa regards the manner in which it 
obtains heat and force, but does differ from it in the man- 
ner in which the force gained is to he made use of. The 
body is, besides, more limited than tlic machine in the choice 
of its fuel ; the latter could be heated with sugar, with, starch- 
flour, and butter, just as well as with coal or wood ; the ani- 
ma! body must dissolve its materials artificially, and distribute 
them through its system ; it must, further, perpetually renew 
the used-up materials of its organs, and as it cannot itself 
create the matter necessary for this, the matter must come 
from without. Liebig was the first to point out these various 
uses of the consiuned nutriment. Aa material for the perpet- 
ual renewal of the body, it seems that certain definite albumi- 
nous substances which appear in plants, and form the chief 
mass of the animal body, can alone be used. They form only 
a portion of the mass of nutriment taken daily ; the remain- 
der, sugar, starch, fat, are really only materials for warcaing, 
and are perhaps not to be superseded by coal, simply because 
the latter does not permit itself to be dissolved. 

If, then, the processes in the animal body are not in this 
respect to be distinguished from inorganic processes, the ques- 
tion arises, whence comes the nutriment which constitutes 
the source of the body's force? The ansn-er is, from the 
vegetable kingdom ; for only the raaterial of plants, or the 
flesh of plant-eating animals, can be made use of for food, 
The animals which hve on plantM occupy a mean position 
i animals, in ii hich we rckon man, and 
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veg>?ta,lilos, which the former could not xoake use of immedi- 
ately as nutriment. In hay and grass the same nutritive sub- 
stances are present as in meal and flour, but in less quantity. 
As, however, the digestive organs of man are not in a condi- 
tion to extract the small quantity of the useful from the great 
excess of the insolulile, we submit, in the first place, these 
Bubstances to the powerful digestion of the oi, permit the 
Bourishment to store itself in the animal's body, in order in 
the end to gain it for ourselves in a more agreeable and use- 
ful form. In answer to our question, therefore, we are re- 
ferred to the vegetable world. Now when what plants tate 
in and what they give out are made the subjects of investiga- 
tion, we find that tbe principal part of the former consists in 
the producis of combustion which are generated by the ani- 
mal. They take the consumed carbon given off in respira- 
tion, as carbonic acid, irom the air, the consamed hydrogen 
aa waf«r, the nitrogen in its simplest ajid closest combination 
as ammonia ; and from these materials, with the assistance 
of small ingredients which they take from the soil, they gen- 
erate anew the compound combustible substances, albumen, 
sugar, oil, on which the animal subsists. Here, therefore, is 
a circuit which appettrs to bo a perpetual store of force. 
Plants prepare fuel and nutriment, animals consume these, 
bum them slowly in their lungs, and from the products of 
combustion the plants again derive their nutriment. The 
latter is an eternal source of chemical, the former of meciian- 
ical forces. Would not the combination of both organic king- 
doms produce the perpetual motion? We must not conclude 
hastily ; further inquiry shows, that plants are capable of pro- 
ducing combustible substances only when they are under the 
influence of the sun. A portion of the sun's rays exhibifs a 
remarkable relation to chemical forces, — it can produce and 
destroy chemical combinations ; and these rays, which for the 
moat part are blue or violet, are called therefore chemical 
rays. We make use of Iheir action in the production of pho- 
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tographs. Here compounds of silycr arc decomposed at tlio 
place where the sua'a rays strike them. The same rays over- 
power in the grcea leaves of plants the strong chemical affinity 
of the carhon of the carbonic acid for oxygen, give back (he 
latter fri-c to the atmosphere, and accumulate the other, in 
combination wifh other bodies, as woody fibre, slareh, oU, or 
resin. These chemically active rays of the sun disappear 
completely as soon as they encounter the green portions of the 
plants, and hence it is that in daguerrotype images the green 
leaves of plants appear uniformly black. Inasmticb as the 
light coming from them does not contain the chemica,! rays, it 
is unabiu to act upon the silver compounds. 

Hence a certain portion of force disappears from the sun- 
light, ■while combustible subatancea are generated and accumu- 
lated in plants ; and wo can assume it as very probable, that 
the foi-mer ia the cause of the latter. I must indeed remark, 
that we are in possession of no experiments from which we 
might determine whether the vis viva of the sun's rays which 
liave disappeared, coirespoads to the chemical forces accumu- 
lated during the same time ; and as long as these experintcnts 
are wanting, we cannot regard the stated relation as a cer- 
tainty. If this view should prove correct, we derive trom it 
the flattering result, tliat all force, hy means of which our bodies 
live and move, finds its source in the purest sunlight ; and 
hence we are aU, in point of nobility, not behind the race of the 
great monarch of China, who heretofore alone called himself 
Son of the Sun. But it must also be conceded that our lower 
fellow-beings, the frog and leech, share the same ethereal 
origin, as also the whole vegetable world, and even the fuel 
which comes to us from the ages past, as well as the youngest 
offspring of the forest with which wc heat oar stoves and sot 
our machines in motion. 

Yon see, then, tliat the immense wealth of ever-changing 
meteorological, climatic, geological, and organic processes of 
our earth are almost wholly preserved in action by the liglit 
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ftnd heat-giving rays of the sun ; and you see in this a to- 
markablc csamplo, how Protens-Iike the effects of a single 
cansc, under altered external conditions, may exhihit itself in 
nature. Besides these, the earth experiences an action of 
anolher kind from its central luminary, as well as from its 
satellite the moon, which exhibits itself in the remarkable 
phenomenon of the ebb and flow of the tide. 

Each of these bodies excites, hy its attraction upon the 
waters of fJio sea, two gigantic waves, which flow in the same 
direction round the world, as the attracting bodies themselves 
apparently do. The two waves of the moon, on account of 
her greater nearness, are about three aad a half times as large 
EW those excited by the sun. One of these waves has its crest 
on the quarter of the earth's surface whidi is turned towards 
the moon, the other is at the opposite side. Both these quar- 
ters possess the flow of the tide, while the regions which lie 
between have the ebb. Although in the open sea the height 
of the tide amounts to oidy aboat three feet, and only in cer- 
tain narrow channels, where the moving water is squeezed 
together, rises to thirty feet, the might of the phenomena is 
nevertheless manifest from the calculation of Bessel, accord- 
ing to which a quarter of the earth covered by the sea pos- 
sesses, during the flow of the tide, about 25,000 cubic miles 
of water m,ore than during the ebb, and that therefore such a 
mass of water must, in six and a quarter hours, flow from 
one quarter of the earth to the other. 

The phenomena of the ebb and flow, as already recognized 
by Mayer, combined with the law of the conservation of force, 
stand in remarkable connection with the question of the sta^ 
bility of our planetary system. The mechanical theory of the 
planetary motions discovered by Newton teaches, that if a 
solid body in absolute vacuo, attracted by the sun, move 
(tround iiifn in the same manner aa the planets, this motion 
■ win endure unchanged through all eternity. 

Now we have actually not only one, but several such 
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planets, which move around die sun, and hy their mutual 
attraction create little changea and disturbancea in each other's 
paths. Nevertlieleaa Laplace, in his great work, the MicaTir 
iipte Celeste, has proved that in our planetary system all these 
disturbances increase and diminish periodically, and can liever 
exceed certain limits, so that by this cause the eternal exists 
enee of the planetary system 'is unendangered. 

But 1 have already named two assumptions which must be 
made : first thot the celestial spaces must be absolutely empty ; 
and secondly, that the sun and planets must bo solid bodies, 
The first is at least the case as far as astronomical observa- 
tions reach, for they have never been able to detect any retar- 
dation of tlie planets, such as would occur if they moved in a 
resisting medium. But on a body of less mass, the comet of 
Encke, changes arc observed of such a nature : this comet dc- 
scribea ellipses round the sun which are becoming gradnally 
smaller. If this kind of motion, which certainly corresponds 
to that through a resisting medium, be actually due to the ex- 
istence of such a medium, a time will eome when the comet 
■will strike the sun ; and a similar end threatens all the planets, 
although after a time, the length of which baffles our imagina- 
tion to conceive of it. But even should the existence of a re- 
sisting medium appear doubtful to us, there is no doubt that 
the planets are not whoUy composed of eoKd materials which 
are inseparably 1 ound t gethor Syns ot the existence of an 
atmosphere are o1 seneil on the Sun on Vt,nus, Mars, Jupi- 
ter and Satu n S gns of water and ce upon Mars ; and 
our earlh has undoubtedly a fluid port on on its surface, 
and perhaps a st II greater portion of flu d within it. The 
n ot ons of the t d s I owevcr produc f tion, all friction 
destroja t s t ta and the loss n th s case can only affect the 
VIS V va of the planetary system We tome thereby to tlie 
nnavoidable conclusion, that every tide, although with infinite 
slowness, stiU with certainty, diminishes the store of mechani- 
cal force of the system; and as a consequence of this, tlie ro- 
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(ation of the planets in qiiestion rounJ their axes must hecomo 
more slow ; thoy must therefore approach the sun, or theu 
satellites must approach them. Vrhat length of time must 
pass before the length of our day ia diminished one second by 
the aciion of the tide cannot bo calculated, until the height 
and time of the tide in all portiona of tLe ocean are known. 
This alteration, liowever, takes place with extreme slowness, 
as is known by the consequences which Laplace has deduced 
from the observations of Hipparchus, according to which, 
during a period of 2000 years, the duration of the day Las 
not been shortened by the one three hnndredth part of a sec- 
ond. The final consequence would be, but atler millions of 
years, if in the mean time the ocean did not become frozen, 
that one side of the earth would be constantly turned towards 
the sun, and enjoy a perpetual day, whereas the opposite side 
would be involved in eternal night. Such a position we 
observe in our moon with regard to the earth, and also in tie 
case of the satellites as regards then- planets ; it is, perhaps, 
due to the action of the mighty ebb and flow to which these 
bodies, in the time of thek fiery fluid condition, were sub- 
jected. 

I would not have brought forward these conclnsions, which 
again plunge us in the most distant future, if they were not 
unavoidable. Physico-mechanical laws are, as it were, the 
telescopes of our spiritual eye, which can penetrate into the 
deepest night of time, past and to come. 

Another essential question as regards the future of oar 
planetary system has reference to its future temperature and 
aiumination. As the internal heat of the earth has but little 
influence on the temperature of tlie surface, the heat of the 
sun ia (he only thing which essentially affects the question. 
The quantity of heat falling from the sun during a given time 
upon a given portion of the earth's surface may bo measured, 
and iiom this it can be calculated how much heat in a given 
time is sent out from the entire sun. Such measurements 
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have been made by the French physicist Pouillet, and it has 
been fouad that the sun gives out a quantity of heat per hour 
equal to that which a layer of the densest coal ten feet thick 
would give out by its combustion ; and hence in a year a 
quantity equal to the combustion of a layer of seventeen milea. 
If this heat were drawn uniformly from the entire mass of the 
sun, its temperature would only be diminished thereby one and 
cue third of a degree centigrade per year, assuming its capa- 
city for heat to be equal to that of water. These results can 
give us an idea of the magnitude of the emission, jn relation 
to the surface and mass of the eun ; but they cannot inform 
ua whether the sun radiates heat as a glowing body, which 
since its formation has its heat accumulated within it, or 
whether a new generation of heat by chemical processes 
fates place at the sun's surface. At all events the law of the 
conservation of force teaches us that no process analogous to 
those known at the surface of the earth, can supply for eternity 
nn inexhaustible amount of light and heat to the sun. But 
the same law also teaches that the store of force at present 
existing, as heat, or as what may become heat, is sufficient for 
an inaneasurable time. With regard to the store of chemical 
force in the sun, we can form no conjecture, and the store of 
heat there existing can only be determined by very uncertain 
estimations. If, however, wo adopt the very probable view, 
that the remarkably small density of so large a body is caused 
by its high temperature, and may become greater in time, it 
may be calculated that if the diameter of the sun were dimin- 
ished only the ten-thoneandth part of its present length, by 
this act a sufficient quantity of heat would be generated to 
cover the total emission for 2100 years. Such a small change 
besides it would be difficult to detect even by the finest astro- 
noEoieal observations. 

Indeed, from the commencement of the period during 
which we posstiss historic accounts, that is, for a period of 
about 4000 years, the temperature of the earth has not sensi- 
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bly diminished. From these oM ages we have certainly ;io 
thcnaomctric obBervations, but we liave information regard- 
ing the distribution of certain cultivated plants, the vine, the 
oliye tree, which are very sensitive to changes of the mean 
annual temperature, and wc find that these plants at the pres- 
ent moment have the same limits of distribution that they had 
in the times of Abraham and Homer ; from which we may in- ' 
fcr backwards the constancy of the climate. 

In opposition to this it haa been urged, that here in Pnisaia 
the German knighta in former times cultivated the vine, 
cellared their own wine and drank it, which is no longer pos- 
sible. From this the conclusion has been drawn, that the 
beat of our climate has diminished since the time referred to. 
Against this, however, Dove has cited the reports of ancient 
ckroniclers, according to which, in some peculiarly hot years, 
the Prussian grape possessed somewhat less than its usual 
quantity of aeid. The fact also speaks not so much for the 
climate of thi, country a^ for the throati of the German 
drinkers. 

Bat even though the force store of our planetary system 
is so immensely great, that by the incessant enaiasion which 
has occtirred durmg the period of human history it Las not 
been sensibly diminished, ei en though the length of the time 
which must flow by, before a sensible cliange in the stale of 
our planetary system occurs, is totally incapable of measure- 
ment, still the inexorable laws of mechanics indicate that this 
store of force, which can only suffer loss and not gain, must 
he finally exhausted. Shall wo terrify ourselves by this 
thought? Men are in the habit of measuring the greatness 
and the wisdom of the universe by the duration and the profit 
which it* promises to their own race ; but the past history of 
the earth already shows what an insignificant moment the 
duration of the existence of our race upon it constitutes. A 
Nineveh vessel, a Koinan sword awakes in u^the conception 
of grey antiquity. What the museums of Europe show us o 
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the remains of Egypt and AsByria wc gaze upoa with silcnl 
astonishment, and despair of being able to carry our thoughts 
back to a period so remote. Still must the human race have 
' existed for ages, and multiplied itself before the pyramids of 
'Nineveh could have been erected. We estimate the duration 
of liuman history at 6000 years ; but immeasurable as this tinia 
may appear to us, what is it in comparison with the time dur- 
ing which the earth carried successive series of rank plants 
and mighty animals, and no men ; during which iu our neigh- 
bQurhood the amber-tree bloomed, and dropped its costly gum 
on the earth and in the sea ; when in Siberia, Europe and , 
North America groves of tropical palms flom-ished ; where 
gigantic lizards, and after them elephants, whose mighty re- 
mains we still find buried in the earth, found a home? Dif- 
ferent geolo^ts, proceeding from different premises, have 
sought to estimate the duration of the above creative period, 
and vary firom a mill i nn to nine million years. And the time 
during which the earth generated organic beings is again 
small when we compare it with the ages during wluch the 
■world was a ball of fused rocks. For the duration of its cool- 
ing from 2000' to 200° centigrade, the experiments of Bishop 
upon basalt show that about 350 miUions of years would be 
neeesBary. And with regard to the time during which the first 
nebulous mass condensed into our planetary system, our mos' 
daring conjectures must eease. The history of man, there 
fore, is but a short ripple in the ocean of time. For a much 
longer series of years than that during which man has already 
occupied tliis world, the existence of the present state of in- 
organic nature favourable to the duration of man seems to be 
secured, so that for ourselves and for long generations after 
as, wc have nothing to fear. But the same forces of air and 
water, and of the volcanic interior, which produced former 
geological revolutions, and buried one series of living forms 
after another, act still upon the earth's crust. They more 
probably will bring about the last day of the human race than 
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those distant cosmical alterations of which wc have spokeu, 
and perhaps force us to make way for new and more com- 
plete living forms, as the lizards and the mammoth have 
given place to us and our fellow-creatures which now exist. 

Thus the thread which was spun in darkness hy those 
T/ho sougM a perpetual motion has conducted us to a aniver- 
sal law of nature, which radiates light into the distant nights 
of the be^nning and of the end of the history of the universe. 
To our own race it permits a long hut not an endless exist- 
ence ; it threatens it with a day of judgment, the dawn of 
which is still happUy obscured. As each of us singly must 
eadnre the thought of his death, the race must endure the 
same. But above the forms of life gone by, the human race 
has higher moral problems before it, the bearer of whicli it is, 
and in the completion of which it fulfils its destiny. 
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Julius KoMnr MiYEa reas born at ncilbronn, NoTembec 23, 1814. He 
received a medical education, and became first, county wound-plijsician aniJ 
afterwaids dtj physician of Hdlbronn, But few particuleiH of hia life have 
been obtdned. In 1S40 he made a voyage on a Dutch frmght«r to Java, 
and it was the accident of bleeding a feverish patient in this country, and 
observing that the venous blood in tlie tropics was of a much brighter red 
than in colder latitudes, that led him to those inveatlgationa of natural 
forces, the chief resnlta of vhieh are gjven in the following essajB. Two 
years after his attention was drawn to the subject — in 1842, he published 
his first paper on the " Forces of Inorganic Nature." It was put together 
briefly, and published in Liehig'a journal tfl Hecore the public recognition of 
bia claims, Hia second publication, "On Organic Motion andNutrition" 
(1845), an able essay of one hundred and twelve pages, is not yet translated. 
His third paper, on "Celestial Dynamics," was published in 1848 ; and bia 
foorth, on the " Mechanical Equivalent of Heat," appeared in 1S51. 

These vast and rapid labors were too much ibr his strength, ffia over- 
tasked mind gave way, and he was taken to an insane asylum. Ee, how- 
ever, fortunately recovered, and is now reported as occnpied with the culti- 
vation of the vine in Heilbroim. 
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I. 

THE FORCES OE INORGANIC NATURE. 



THE following pages are designed as an attempt to an 
swer tlie questions, "What are Tve to understand by 
"Forces"? and Low are different forces related to each other? 
Whereas the term matter implies the possession, by the object 
to which it is applied, of very definite properties, such as 
weight and extension ; the term force ncmYeYs for the most 
part the idea of something ■unknown, unsearchable, and hypo- 
thetical. An attempt to render the notion of force equally 
exact with that of matter, and so to denote by it only objects 
of actual investigation, is one which, with the conseqaenoes 
that flow from it, ought not to be unwelcome to those who 
desire that their riews of nature may be clear and unencum- 
bered by hypotheses. 

Forces are causes ; accordingly, we tasy in relation to 
them make full appHcation of the principle — causa ceciuai ef- 
fectum. If the cause c has the effect e, then c=e; if, in its 
torn, e is the cause of a second effect/, we have e=/, and so 
on: c=e=/,..=e. In a chain of causes and effects, a 
term or a part of a term can never, as plainly appears from 
the nature of -an equation, become equal to nothing. This 
first property of all caases we call their indestructibility. 

If the given cause c has produced an effect e equal to it- 
Kelf, it has in that very act ceased to be : c has become e; if, 
after the production of e, c still remained in whole or in part. 
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there must bo still furtlicr effects corresponding to this re 
maining cause : the total effect of c would thus be > c, which 
■would be contrary to the eupposition c=e Accordingly, 
since c becomes e, and e becomes/, &c , ne must regird these 
various magnitudes as diffLient forms tindi.r which one and 
the same object mikes its appearance This capability of 
assuming various forms is tho second essential property of aU 
causes Taking both properties together, wt. mty saj , causes 
are (quantitatnelj) indestmcUhle and (ijuahtatiTely) c nieil- 
ible objects 

Two classes of causes occur m nxturc, which, so lar ai 
expenence £oe'^, never pa-^s one into another The first clab& 
consists ot such causes as possess tht. properties of weight 
and impenetrability , these arc kinds of Mattel the othei 
class IS made up of causes which aie wanting in the proper 
ties juat mentioned, namely Forces, called also Imponieia- 
blea, from the negative property that has been mdicated 
Forces ire therefore mdestrwdtbU, comertthU, imponderdhh 
ohjfds 

We Mill in the hist instance faJe matter, to aflbrd ub an 
example of causes and tflects Explosive gi=, H+0, and 
water, HO, are relxted to each other a"! c use and effect, 
therefore H+0=HO But if H+0 becjmes HO, heat, cal , 
makes its appearance aa well as water ; this heat must like- 
wise have a cause, x, and -we have therefore H+0+a;=HO 
-\-cal. It might, however, be asked whether H+O is really 
=H0, and x=cal., and not perhaps H+O^cai., and k=HO, 
whence the above equation could equally be dednced ; and so 
in many other caaes. The phlogistic chemists recognized tlie 
eqaation between cal. and x, or Phlog^toa as they called it, 
and in sb doing made a great step in advance ; but they in- 
volved themselves again in a system of mistakes by putting — x 
in place of ; thus, for instance, they obtained H^HO+ic. 

Chemistry, whose problem it is to set forth in equations 
the causal connection existirg between the different kinds of 
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matter, teaches na that matter, as a cause, haa matter for ita 
effect ; but we are equally juatifled in saying tliat to force as 
cause, corresponds force as effect. Since c=e, aud e=c, it 
18 unnatural to call one term of an equation a force, and the 
otter an effect of force or phenomenon, and to attach differ- 
ent notions to the expressions Force and Phenomenon. In 
brief, then, if the cause is matter, the effect ia matter ; if the 
cause is a force, the effect is also a force. 

A cause which brings about the raising of a weight is a 
force 1 its effect (iAe raised weight) ia, accordingly, equaUy a 
force ; or, expressing thia relation ia a more general form, 
separation in space of ponderdSle objects is a force; since this 
force causes the fall of bodies, we call it failing force. Fall- 
ing force and fall, or, more gccerally atill, falling force and 
motion, arc forces which are related to each other as cause 
and effect — forces which are convertible one into the other — 
two different forms of one and the same object. For exam- 
ple, a weigtit resting on the ground ia not a force : it is neither 
the cause of motion, nor of the lifting of another weight ; it 
becomes so, however, in proportion as it is ftised above the 
ground : the cause — the distance between a weight and the 
earth — and the effect — ^the quantity of motion produced — ^beai 
^ each other, as we learn from mechanics, a constant rek- 

Gravity being regarded as the caase of the falling of bod- 
ies, a gravitating force ia spoken of, and so the notions of 
properly and of force are eonfoimded with each other : pre- 
cisely that which is the essential attribute of every force — 
the union of indestructibility with convertibility — ^is wanting 
ia every property : between a property and a force, betweea 
^avity and motion, it is therefore impossible to establish the 
equation required for a rightly-conceived causal relation. If 
gravity be caUed a Ibree, a cause ia aupposed which produces 
effects without itself diminishing, and incorrect conceptions 
of the causal connections of thinga are thereby fostered. In 
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order that a body may fall, it is no less necessary that il 
should be lifted up, than that it shonld be heavy or possess 
gravity ; the fall of bodies' ought not therefore to be ascribed 
to their gravity alone. 

It 13 the problem of Mechanics to develop the equations 
which subsist between fiilling force and motion, motion and 
falling force, and between different motions : here we will call 
to mind only one point. The magnitnde of the falling force 
V is directly proportional (ihe earth's radius being assumed— 
00 ) to the magnitude of the mass m, and the height d to 
which it is raised; that is, v=ind. If the height d=l, to 
which the mass m is raised, is transformed into the final ve- 
locity c^l of this mass, we have also v^^mc; but from the 
known relations existing between d and c, it results tiiat, for 
other values of d or of c, the measure of the force v is me? ; 
accordingly v^=md^mc' ; the law of the conservation of vis 
viva is thus found to be based on the general law of the inde 
structibility of causes. 

In numberless cases "ive see motion cease without having 
caused another (hotion or the lifting of a weight ; but a force 
once in existence cannot be annihilated, it can only change its 
form ; and the question therefore arises. What other forma is 
force, which we have become acquainted with as falling force 
and motion, capable of assuming? Experience alone can 
lead us to a conclusion on this point. In order to e2:peri- 
m.ent with advantage, we must select implements which, be- 
sides causing a real cessation of motion, are as little as possi- 
ble altered by the objects to bo examined. If, for example, 
we rub together two metal plates, we see motion disappear, 
and heat, on the other hand, make its appearance, and wo 
Lave now only to ask whether motion is the cause of heat. 
In order to come to a decision on this point, we must discuss 
the question whether, in the numberless cases in which the 
expenditure of motion is accompanied by the appearance of 
heat, the motion has not some other effect than the pro- 
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duction of heat, and the heat some other cause than the 
motion. 

An attempt to ascertain the effects of ceasing moiion has 
never yet been seriously made ; without, tlierefore, wishing to 
exclude d priori the hypothesis which it may be possible to 
set up, we obsciTe only that, as a rule, this effect cannot be 
supposed to be an alteration in the state of aggregation of the 
moTed (that is, rubbing, &c.) bodies. If we assimie that a 
certain quantity of motion v is expended in the conversion of 
a rubbing substance m into n, we must then have m+v—n, 
and n^m-\-v ; and when n is reconverted into m, v must ap- 
pear again in soma form or otbcr. By the friction of two 
metallic plates continued for a very long time, we can grad- 
ually cause the cessation of an immense quantity of move- 
ment ; but would it ever occur to us to look for even the 
smallest trace of (be force which has disappeared in the me- 
tallic dust that we could collect, and to try to regain it thence ? 
We repeat, the motion cannot have been annihilated ; and 
contrary, or positive and negative motions c mnot hi, regaj di,d 
as =0, any more than contrary motion* cm cfme out of 
nothing, or a weight can raise itself 

Without the recognition of a cins \\ t jnnection between 
motion and heat, it is just as difflt.ult to esplim the produc- 
tion of heat as it is to give any account <:t the motif n thit 
disappears. The heat cannot be derived fiom the diminution 
of the volume of the rubbing subst-mcei It is well known 
that two pieces of ice may be melted by rubbing (hem to- 
gether in vacuo ; liut let any one try to convert ice into water 
by pressure,* however enormous. Water undergoes, as was 

* Snce the original publication of this paper, Prof. W. Tliomson has 
Bhown tliat pressure ha3 a sen^ble effect in liquef jing ioc ( Conf. Phil, Mag. 
S. 8, vol jsCTii p. 123); but tlie esperimeuta of Bunsen and of Hopkina 
have Bhown tliat the melting-points of bodies whidi eipand on becoming 
liquid arc raised by pressure, whicli is all tbat Msyer's argument requires. — 
G. a K 
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found by lb.e author, a rise of temperature when vlolentlj 
sliaken. The water so heated (from 12° to 13° C.) has a 
greater buli after being shaken, than it Lad before ; ■whence 
now cornea this quantity of heat, which bj repeated "hftkinc; 
may be called into existence in the =8ine ipparatns is ottea 
aa we please ? The vibratxiry hypothcus of heat is an ap- 
proach toward the doctrine of heat bcmg the efiett of mo- 
tion, but it does not favour the admiflgion of this causal rela 
tion in its full generality ; it rather lays the chief strcs on 
imeasy oscillationa (unlehagluhe Schumgungen) 

If it be now considered as eat ihhshc 1 that in many cases 
(_cxcepiio confirmat regulam) no other effect of motion can be 
traoed except heat, and that no other cau*t. thin mjtion can 
be found for the heat that is produced, we prt,fer the a'^aump- 
tion that heat proceeds from motion, to the assumption oi a 
cause without effect and of an effi,ct without i ciu'e — just as 
the chemist, instead of allowing oxTgen and hydro^n to dis- 
appear wittout further investigation, anl wittr to be pro- 
duced in some inexplicable manner, establishes a connection 
between oxygen and hydrogen on the one hand and water on 
the other. 

The natural coimection existing between falling force, mo- 
tion, and heat may be conceiYed of as follows : We know that 
heat makes its appearance when the separate particles of a 
body approach nearer to each other ; condensation produces 
heat. And what applies to the smallest particles of matter, 
and the smallest intervals between them, must also apply to 
large masses and to measurable distances. The falling of a 
weight is a diminution of the bulk of the earth, and roust 
therefore without doubt be related to the quantity of heat 
thereby developed ; this quantity of heat must be proportional 
to the greatness of the weight and its distance from the 
ground. From tliis point of view we arc very easily lad fo 
the equations between falling force, motion, nod heat, that 
have already been discussed. 
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But just as little as the connection Letween falling force 
and motion autiiorizes the conclasion that the essence of fall- 
ing force ia motion, can such a conclusion he adopted in the 
case of heat. We are, on the contrary, rather inclined to 
infer that, before it can become heat, motion — whether smi- 
pic, or vibratory as in the case of light and radiant heatj &c. 
— must cease to exist as motion. 

If falling force and motion are equivalent to heat, heat 
mast also naturally he equivalent to motion and fallbg force. 
Just as heat appears as an effect of the diminution of buUc and 
of the cessation of motion, so also does heat disappear as a 
cause when its effects are produced in the shape of motion, 
expansion, or raising of weight. 

In water-milla, the continual diminution in bulk which the 
earth undergoes, owing to tie fall of the water, gives riSL to 
motion, which afterwards disappears again, calling forth «n- 
coBsingly a great quantity of heat ; and inversely, the steam- 
engine serves to decompose heat again into motion or the 
raising of weights. A locomotive engine with its tram may 
be compared to a distilling apparatus ; the heat apphed under 
the boiler passes off as motion, and this is deposited agam as 
heat at the axles of the wheels. 

We will close our disquisition, the propositions ol ivhich 
have resulted as necessary consequences from the principle 
•' causa tequat effectum," and which are in accordance with 
all the phenomena of Nature, with a practical deduction 
The solution of the equations subsisting between fallmg force 
and motion requires that the space fallen through in a given 
time, e. g. the first second, should be experimentally deter- 
mined ; in like manner, the solution of the equations subsist- 
ing between falling force and motion on the one hand and 
heat on the other, requires an answer to tlie qfiestion, How 
great ia the quantity of heat which corresponds to a given 
quantity of motion or falling force? For instance, we must 
ascertain how high a given weight requires to be raised above 
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the ground m order that its falling force maybe eqaivalent to 
the raising of the temperature of an equal weight of water 
from 0° to 1° C. The attempt to show that such an equa- 
tion ia the expression of a physical truth may be regarded as 
the substance of the foregoing remarka. 

By applying the principles that have been set forth to the 
relations subsisting between the temperature and the volume 
of gases, we find that the sinking of a mercury column by 
which a gas is compressed is equivalent to the quantity of 
heat set free by the compression ; and hence it follows, the 
ratio between the capacity for heat of air under constant pres- 
sure and its capacity under constant volome being taken as 
's-l'tSl, that the warming of a given weight of water from 
0° to 1° C. corresponds to the fall of an equal weight from 
the height of about 365 metres.* If we compare with this 
result the working of our best steam-engines, we see how 
small a part only of the heat applied under the boiler is really 
transformed into motion or the raising of weights ; and this 
may serve as justification for the attempts at the profitable 
production of motion by some other method than the expendi- 
ture of the chemical difference between carbon and oxygen — 
more particularly by the transformation into motion of elec- 
tricity obtained by chemical means. 

• 'When the corrected speoilic licit of oji' is introauced into the calcu- 
Ution this ttUBber ia mcreiaed, and agreea than with the espenmental de- 
Idnninatioiis of Mr. tTouIe. 
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CELESTIAL DYKAMIOS. 



I.— INTRODUCTION. 

EVEET iacaadescent and lumiaoua body diminishes in 
temperature and luminosity in the same degree as it 
radiates light and heat, and at last, provided its loss be not 
repaired from some other source of these agencies, becomes 
cold and non-luminous. 

For light, like sound, consists of vibrations which are 
communicated by the luminous or sounding body to a sur- 
rounding medium. It is perfectly clear that a body can only 
excite such vibrations in another substance when its own par- 
ticles undergo a similar movement ; for there is no cause for 
undulatory motion when a body is in a state of rest, or in a 
state of equiUbrium with the medium by which it is sur- 
rounded. If a bell or a string is to be sounded, an external 
force must be applied ; and this is the cause of the sound. 

If the vibratory motion of a string could take place with- 
out any tesistimce, it would vibrate for all time ; but in this 
case no sound could be produced, because sound is essentially 
the propagation of motion ; and in the same degree as the 
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string coKumimcatea its vibrations to the suiroimding and r© 
sisting medium its own motion becomes ■weaker and wetiter, 
until at last it sinis into a state of rest. 

The sun has often and appropriately been compared to an 
incessantly sounding bell. But by what means is the power 
of this body kept up in undiminished force so as to enable 
him to send forth tis rays into the universe in sucli a grand 
and magnificent manner? What are the causes which coun- 
teract or prevent his exhaustion, and thus save the planetary 
system from darkness and deadly cold? 

Some endeavoured to approach "the grand secret," as 
Sir Wm. Hcrschcl calls this question, by the assumption that 
the rays of the sun, being themselves perfectly cold, merely 
cause the " suhstancc" of heat, supposed to be eonfained in 
bodies, to pass from a state of regt into a state of motion, and 
that in order to send forth such cold rays the sun need not be 
a hot body, so that, in spite of the infinite development of 
light, the cooling of the sun was a matter not to be thought of. 

It is plain that nothing is gained by such an explanation ; 
for, not to speak of the hypothetical " substance" of heat, 
assumed to be at one time at rest and at another time in mo- 
tion, now cold and then hot, it is a well-founded fact that the 
sun does not radiate a cold phosphorescent light, but a light 
capable of warming bodies intensely ; and to ascribe such 
rays to a cold body is at once at variance vdth reason and 
experience. 

Of course such and similar hypotheses could not satisfy 
the demands of exact science, and I Tvill therefore try to ex- 
plain in a more satisfactory manner than has been done up 
to this time the connexion between the sun's radiation and its 
effects. In doing so, I have to claim the indulgence of scien- 
tific men, who are acquainted with the difiiculties of ray task. 
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II.— SOURCES OP 



Before we turn our attention to the special subject of 
this paper, it will be neceasary to consider the means by 
which light and heat are produced. Heat may be obtained 
&om very different sources. Combusfion, fermentation, pu- 
trefaction, slaking of lime, the decomposition of chloride of 
nitrogen and of gun-cotton, &c. &c., are all of them sources 
of heat. The electric spark, the voltaic current, friction, per- 
cussion, and the vital processes are also aeeompanied by the 
evolution of this agent. 

A general law of nature, which knows of no exception, 
is the following ; — In order to obtain heat, something must 
be expended ; this someihiag, however different it may be in 
other respects, can always be referred to one of two catego- 
ries : either it consists of some material expended in a chem- 
ical process, or of some sort of mechanical work. 

"Wten substances endowed with considerable chemical af- 
finity for each other combine chemically, moeh heat is devel- 
oped during the process. We shall estimate the quantity of 
heat thus set free by the number of kilogrammes of water 
which it would heat 1° C. The quantity of heat necessary 
to raise one kilogramme of water one degree is called a unit 
of heat. 

It has been established by numerous experiments that the 
combustion of one kilogramme of dry charcoal in oxygen, so 
as to form carbonic acid, yields 7200 units of heat, which fact 
maybe briefly expressed by saying that charcoal famishes 
7200° degrees of heat. 

. Superior coal yields 6000", perfectly dry wood from SSOO^ 
to 3900°, sulphur 2700, and hydrogen 34,600° of heat. 

According to experience, the number of units of heat only 
depends on the quantity of matter which is consumed, and 
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not on the conditions under ■whicii the burning fakes place. 
The same amount of heat is given out ■whether the combus- 
tion proceeds slowly or quickly, in atmospheric air or in pure 
oxygen gas. If in one case a metal be burnt in air and the 
amount of heat directly measured, and in another instance 
Ihe same quantity of metal be oxidized in a galvanic battery, 
the heat being developed in some other place^say, tiie wire 
which conducts the current, — in both of these experiments 
Ihe same quantity of heat will be observed. 

The sam.e law also holds good for the production of heat 
by mechanical means. The amount of heat obtained is only 
dependent on (he quantity of power consumed, and is quite 
independent of the manner in which this power has been ex- 
pended. If, therefore, the amount of heat which jg produced 
by certain naechanical work is known, the quantity which 
will be obtained by any other amount of mechanical work 
can easDy be found by calculation. It is of no consequence 
whether this work consists in the compi-ession, percussion, or 
friction of bodies. 

The amount of mechanical work done by a force may he 
expressed by a weight, and the height to which this weight 
would be raised by the same force. The' mathematical ex- 
pression for " work done," that is to say, a measure for this 
work, is obtained by multiplying the height expressed in feet 
or other units by the number of pounds or kilogrammes lifted 
to this height. 

"We shall take one kilogramme as the unit of weight, and 
one metre as the unit of height, and we . thus obtain the 
weight of one kilogramme raised to the height of one metre 
as a unit measure of mechanical work performed. This 
measure we shall call a kilogrammetre, and adopt for it the 
symbol Km. 

Mechanical work may likewise be measured by the volo 
city obtained by a given weight in passing from a state of rest 
into that of motion. The work done is then expressed by 
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the product obtained by the mviltiplication of the weight by 
the square of ite velocity. The first method, however, be- 
cause it is the more eoavenient, is the one usually adopted ; 
and the numbers ohtaiued therefrom may easily be expressed 
in other units. 

The product resulting frtin the multiplication of the num- 
ber of units of weight and measures of height, or, as it is 
called, the product of mass and height, as well aa the pro- 
duct of the mass and the square of its Telocity, are called "vis 
viva of motion," " mechanical effect," dynamical effect," 
" work done," " guantite de travail" &c. &c. 

The amoimt of mechanical work necessary for the beating 
of 1 kilogramme of water 1" G has been determined by ex- 
periment to be = 367 Km ; therefore Km = 0*00273 units 
of heat.* 

A mass which has faUen through a height of 367 metres 
possesses a velocity of 84'8 metres in one second ; a mass, 
therefore, moving with this velocity originates 1° C. of heat 
wlien its motion is lost by percussion, friction, &c. If the 
velocity be two or three limes as great, 4° or 9° of heat will 
be developed. Generally speaking, when the velocity is c 
metres, the corresponding development of heat will be ex- 
pressed by the formula 

d-000189°Xc'. 

* Tliis essay was published in 1845. At tliat time de la Roche and 
Berard's determinalion of the epecifio heat of air was geaeralij accepted. 
If the phjsical constants used by Mayer be corrected according to the re- 
sults of mote recent inTostigatioo, tlie mechanical equivalent of heat in 
found to be 'SIVi foot-pounds. Mr. Joule fiads it — 11% fool-pounds.— 
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SURE OF THE SUN'S HEAT. 



TiiE actiuomefer is an inatrument invented by Sir Joliii 
Ilerschcl for tiie purpose of measnring the heating eflTect 
produced by the sun's rays. It is essentially a thermometer 
■with a large cylindrical bulb filled with a blue liquid, wliich 
is acted upon by the sira'a rays, and the expansion of whieh 
is measured by a graduated scale. 

IVom observations made with tliis inatrumeat, Sir John 
Ilersehel calculates the amoimt of heat received from the sun 
to be sufScient to melt annuaUj; at the surface of the globe a 
crust of ice 29-2 metres iu thickness. 

PouOlet has recently shown by some careful experiments 
with the lens pyrheliometer, an instrument invented by him- 
self, that every square centimetre of the surface of our globe 
receives, on an average, in one minute an amount of solar 
heat which would raise the temperature of one gramme of 
water 0'4408°. Not much more than one-half of this quan- 
tity of heat, however, readies the eoUJ surface of our globe, 
since a considerable portion of it is absorbed by our atmo- 
sphere. The layer of ice which, according to PouiUet, could 
be nfelted by the solar heat which yearly reaches our globe 
would have a thickness of 30'89 metres. 

A square metre of our earth's surface receives, therefore, 
according to PouiUet's results, which we shall adopt in the 
following pages, on an average in one minute 4*408 units of 
heat. The whole surface of the earth is = 9,260,500 geo- 
graphical square miles* ; consequently the earth receives in 
one minute 2247 billions of units of heat from the sun. 

In order to obtain smaller numbers, we sliaU call the 
quantity of heat necessary to raise a cubic mile of water 1° 

» The geograpliioiJ. mile = 7*20 mi^tres, and one English mile — 1603 
metres. 
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C. in temperature, a cubic mile of heat. Since one cubic 
mile of water weighs 408-54 billions of kilogrammes, a cubic 
imle of heat contains 408-54 billions of units of heat. The 
effect produced by the rays of the sun on the surface of the 
earth ia one minute is therefore 5-5 cubic miles of heat. 

Let U8 imagine the sun to bo surrounded by a hollow 
sphere whose radius is equal to the mean distance of the 
earth from the sun, or 20,589,000 geographical miles ; the 
surface of this sphere would be equal to 5326 billions of 
square miles. The surface obtained by the iatersection of 
this hollow sphere and our globe, or the base of the cone of 
solar light whicb reaches our earth, stands to the whole sur- 
face of this hollow sphere as '-^^ : 5326 billions, or as 1 to 
2300 millions. This is the ratio of the heat received by 
our globe to the whole amount of heat sent forth from the 
sun, which latter in one minute amounts to 12,650 millions 
of cubic miles of heat. 

This amazing radiation ought, unless the loss is by some 
means made good, to cool considerably even a body of the 
magnitude of the sun. 

If we assume the sun to he endowed with the same capa^ 
city for heat as a mass of water of the same volume, and its 
loss of beat by radiation to affect nmformly its whole mass, 
the temperature of the sun ought to decrease VS C. yearly, 
and for tbe historic time of 5000 years this loss would conse- 
quently amount to 9000'' C. 

A uniform cooling of the whole of the sun's huge mass 
cannot, however, take place ; on the contrary, if the radiation 
were to occur at the expense of a given store of heat or ra- 
diant power, the sun would become covered in a short space 
of time with a cold cmst, whereby radiation would be brought 
to an end. Considering the continued activity of the eim 
through countless centuries, we may assume with mathemati- 
cal certainty the existence of some compensating influence to 
make good its e 
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Is this restoring agency a chemical process? 

If such were the case, the most fnvourahle assumption 
would l)e lo suppose the whole mass of the sun to be one 
lump of coal, the combustion of every kilogramme of which 
produces 6000 units of heat. Then the sun would only be 
able to sustain for forty-six centuries its present expenditure 
of light and heat, not to mention the oxygen necessary to 
keep up such aa immense combustion, and other unfavourable 
circumstances. 

The revolution of the sua oa Ms axis has been suggested 
as tlie cause of his radiating energy. A closer examination 
proves this hypothesis also to be untenable. 

Rapid rotation, without friction or resistance, cannot in 
itself alone be regarded as a cause of light and heat, espe- 
cially as the sun is in no way to be distinguished from the 
other bodies of our system by velocity of axial rotation. The 
sun turns on his asis in about twenty-five days, and his diam- 
eter is nearly 112 times as great as that of the earth, from 
which it follows that a point on the solar equator travels but 
a little more than four times as quickly as a point on the 
earth's equator. The largest planet of the solar system, 
whose diameter is about utb ttiat of the sun, turns on its axis 
in less than ten hours ; a point on its equator revolves about 
six limes quicker than one on the solar equator. The outer 
ring of Saturn exceeds the sun's equator more than ten times 
in Telocity of rotation. Nevertheless no generation of light 
or heat ia observed on our globe, on Jupiter, or oa the ring 
of Saturn. 

It might be thought that fi-Iction, thougb undeveloped ia 
the ease of the other celestial bodies, might be engendered by 
the sun's rotation, and that such friction might generate enor- 
aioua quantities of heat. Bat for the . production of friction 
two bodies, at least, are always necessary which are iu imme- 
diate contact with one another, and which move with difier- 
ent velocities or in different directions. Friction, moi-eover 
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ikas a tendency to produce equal motion of the two rubbing 
bodies ; and when this is attained, tlie generation of heat 
ceases. If now the sun be the one moving body, whore ia 
the other? and if the second body exist, what power prevents 
it from assuming the same rotary motion as the sun? 

But could even these difficulties be disregarded, a weight- 
ier and more fomaidable obstacle opposes this hypothesis. 
The known volume and mass of the sun allow iis to calculate 
the vis imjo which he possesses in consequence of his rotation. 
Assuming his density to be uniform throughout his mass, and 
his period of rotation twenty-five days, it is equal to 182,300 
quintilliona of kUogrammetres (Km), But for one unit of 
heat generated, 367 Km are consumed ; consequently the 
whole rotation-effect of the sun could only cover the expendi- 
ture of heat for the space of 183 years. 

The space of our solar system is filled with a great num- 
ber of ponderable objects, which have a tendency to move 
towards the centre of gravity of the sun ; and in so doing, 
their rate of motion is more and more accelerated, 

A naass, without motion, placed within the sphere of the 
sun's attiaciion, will obey this attraction, and, if there be no 
disturbing influences, will fall in a straight line into the sun. 
Tn reality, however, such a rectilinear path can scarcely occur, 
as may be shown by experiment. 

Let a weight be suspended by a string so that it can only 
touch the floor in one point. Lift the weight up to a certain 
height, and at the same time stretch the string out to its fuH 
length ; if the weight be now allowed to fall, it will be ob- 
served, almost in every case, not to reach at once the point on 
the floor towards whidi it tends to move, but to move round 
this point for some time in a curved line. 

The reason of this phenomenon is that the slightest devia- 
tion of the weight fronj its shortest rout* towards the point 
on the floor, caused by some disturbing iniiuence such as the 
resistance of the air against a not perfectly uniform surfacor 
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wiJl maintain itself as long as motion lasts. It is neverfLc 
less possible for the weight to move at once to the point ; the 
probability of its doing so, however, becomes the less as the 
height from which it ia allowed to drop increases, or the string, 
hy means of which it is suspended, is lengthened, 

Similar laws influence the movements of bodies in the 
space of the solar system. The height of the fall is here 
represented by the original distance from the sim at which the 
body begins to move ; the length of the string by the sun's 
attraction, which, increases when the distance decreases ; and 
the small surface of contact on. the floor by the area of the 
section of the sun's sphere. If now a cosmical mass 'within 
tte physical limits of tte sun's sphere of attraction begins its 
fell towards that heavenly body, it will be disturbed ia its 
long path for many centuries, at first by the nearest fixed 
stars, and afterwards by the bodies of the solar system. 
Motion of such a mass in a straight line, or its perpendicular 
fell into tho sun, would, therefore, under such conditions, be 
impossible. The observed movement of all planetary bodies 
in dosed curves agrees with this, 

"We shall now return to the esample of the weight sus- 
pended by a string and oscillating round a point towards 
which it is attracted. The diameters of the orbits described 
by this weight are observed to be nearly equal ; continued ob- 
servation, however, shows that these diameters gradually di- 
minish in length, so that the weight will by degrees approach 
the point in which it can touch the floor. The weight, how- 
ever, touches the floor not in a mathematical point, but in a 
small surfecc ; as soon, therefore, as the diameter of the curve 
in which the weight moves is equal to the diameter of this 
surfeee, the weight will touch the floor. This final contact is 
BO accidental or improbable event, but a necessary phenome- 
non caused by the resistance which the oscillating mass con- 
stantly suffers from the air and friction. K all resistance 
could be annihilated, the motion of the weight would of course 
continue in equal oscillations. 
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The same law holds good for celestial bodies. 

The movements of celestial bodies in an absolute YaeuuD? 
would be as uniform as those of a mathematical pendulum, 
whereas a resisting medium pervading all space would causo 
the planets to move in shorter and shorter orbits, and at last 
to fall into the sun. 

Assuming such a resisting medium, tbcae wandering ce* 
lestial bodies must have on the periphery of tlie solar system 
their cradle, and in its centre their grave ; and however long 
the duration, and however great the nimaber of their revolu- 
tions may be, aa many masses wiU on the average in a cer- 
tain time arrive at the sun as formerly in a liite period of 
time came within his sphere of attraction. 

AH these bodies plunge with a violent impetus into their 
common grave. Since no cause exists without an effect, each 
of these cosmical masses will, like a wejgtt falling to the 
earth, produce by its percussion an amount of heat propor- 
tional to its ma viva. 

From the idea, of a sun whose attraction acts throughout 
space, of ponderable bodies scattered throughout the universe, 
and of a resisting tether, another idea necessarily follows — 
that, namely, of a continual and inexhaustible generation of 
lieat on the central body of this cosmical system. 

Whether such a conception be realized in our solar system 
— ^whether, in other words, the wonderful and permanent evo- 
lution of light and heat be caused by the uninterrupted fall 
of cosmical matter into the sun — will now be more closely 

The existence of matter in a primordial condition ( Urmor 
(erie) , moving about in the universe, and assumed to follow 
the attraction of the nearest stellar system, will scarcely be 
denied by astronomers and physicists ; for the richness of 
surrounding nature, as well as the aspect of the starry heav- 
ens, prevents the belief that the wide space which scjMtrates 
our solar system from the regions governed by the otlier fixed 
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stars 13 a vacant solitude destitute of matter. We shall 
leave, however, all suppositions concerning subjects so distant 
from us both in time and space, and confine our attention ex 
closively to what may be learnt from the observation of the 
existing state of things. 

Besides the fourteen known planets with their eighteen 
satellites, a great many other cosmieal masses move withia 
the space of the planetary system, of which the comets de- 
serve to be mentioned first, 

Kepler's celebrated statement that " there are more com- 
ets in the heavens than fish irt the ocean," is founded on the 
fact that, of all the comets belonging to our solar system, 
comparatively few can be seen by the inhabitants of the earth, 
and therefore the not inconsiderable number of actually ob- 
served comets obliges us, according to the rules of the calcu- 
lus of probabilities J to assume the existence of a great many 
more beyond the sphere of our vision. 

Besides planets, satellites, and comets, another cla?a oi 
celestial bodies exists within our solar system. These are 
masses which, on account of their smallness, may be consid- 
ered as cosmical atoms, and which Arago has appropriately 
called asteroids. They, like the planets and the comets, are 
governed by gravity, and move in elliptical orbits round the 
sun. "When accident brings them into the immediate neigh- 
bourhood of the earth, tliey produce the phenomena of shoot- 
ing-stars and flrebaDs. 

It has been shown by repeated observation, that on a 
bright night twenty minutes seldom elapse without a shooting- 
star being visible to an observer in any situation. At certain 
times these meteors are observed in astonishingly great num- 
bers ; during the meteoric shower at Boston, which lasted 
nine hours, when they were said to fall "crowded together 
Jike snow-flakes," they were estimated as at least 240,000. 
On the whole, the number of asteroids which come near the 
earth in the space of a year must be computed to be many 
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thousands of millions. This, ndthout doubt, is only a mall 
fraction of the number of asteroida that mOTo roun 1 the aim 
which number, according to tiie rules of the calculus of prob- 
abilities, approaches the infinif*. 

As has been already slated, on the existence of a res st ng 
tether it depends whether the celestial bodies, the phnets the 
comofs, and the asteroids move at constant mean distances 
lound tlie sun, or whefher they are constantly approacl mg 
that central body. 

Scientific men do not doubt the existence of such in cether 
Littrow, amongst others, expresses himself on this pomt as 
follows : — " The assumption fiat the planets and the comets 
move in an absolute vacuum can in no way be admitted 
Even if the space between celestial bodies contained no other 
matter than that necessary for the existence of light (wh ther 
light be considered as emission of matter or the undulat ns 
of a universal fether), tiis alone is sufficient to alter the mo 
tion of the planets in the course of time and the arran^em nt 
of the whole system itself; the fall of all the planets and the 
comets into the sun and the destruction of the present stito 
of tjic solar system must be the final results of this act on 

A direct proof of the existence of such a resistinc med um 
lias been furnished by the academician Efickc, He found 
that the comet named after him, which revolves roun 1 the 
sun in the short space of 1207 days, shows a regular acceler 
ation of its motion, in consequence of which the tin ol leh 
revolution is shortened by about sis hours. 

From the great density and magnitude of the pi nets the 
shortening of the diameters of their orbits proceeds as might 
be expected, very slowly, and ia up to the present t me map- 
preciable. The smaller the cosmical masses are, on the con 
trary, other circumstances remaining the same, the fa ter they 
move towards the snn ; it may therefore happen that m a 
space of time wherein the mean distance of the earth from 
the sun would diminish one metre, a small asteroid wouM 
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travel more than one thousand mUee toivaid'i the central 
body. 

As cosmical masses stream from all sides in immense 
numbers towards the sun, it follows that they must become 
Hiore and more crowded together as they approach thereto. 
The conjecture at once suggests itself that the zodiacal light, 
the nebulous light of vast dimensions which surrounds the 
Bun, owes its origin to such closely-packed asteroids. How- 
ever it may be, this much is certain, that this phenomenon is 
cansed by matter which moves according to the same laws as 
the planets round the sun, and it consequently follows that 
the whole mass which originates the zodiacal light is contin- 
ually approaching the sun and falling into it. 

This light does not surround the sun uniformly on all 
sides ; that is to say, it has not the form of a sphere, but that 
of a thin convex lens, the greater diameter of which is in the 
plane of the solar equator, and accordingly it has to an ob- 
server on oor globe a pyramidal form. Such lenticular dis- 
tiibufion of the masses in the universe is repeated in a re- 
markable manner in the disposition of the planets and the 
fised stars. 

' From the great number of cometary masses and asteroids 
and the zodiacal light on the one hand, and the existence of a 
resisting tether on the other, it necessarily follows that pon- 
derable matter must continually he arriving on the solar sur- 
face. The effect produced by these masses evidently depends 
. on their final velocity ; and, in order to determine the latter, we 
shall discuss some of the elements of the theoi^ of gravitation. 
The final velocity of a weight attracted by and moving 
towards a celestial body will become greater as the height 
throtigh which the weight falls increases. This velocity, how- 
ever, if it be only produced by the fall, cannot exceed a cer- 
tain magnitude ; it has a maximum, the value of which de- 
pends on the volume and mass of the attracting celestial body 
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Let r be the radius of a spherical and solid celestial body; 
and g the velocity at Ihc end of the first second of a weight 
falling on the surface of this body ; lieo the greatest Telocitj 
which this weight can obtain by its fall towards the celestial 
body, or the velocity with ■which it will arrive at ils surface 
after a fall from an infinite height, is ^2gr in one second. 
This number, wherein g and r are expressed in metres, we 
shall caU G. 

For our globe the value of g is 9-8164 . . and that of / 
6,369,800 ; and consequently on our earth 

G= 1/(2x9-8164x6,369,800) = 11,183. 

The solar radius is 112'05 times that of the earth, and the 
velocity produced by gravity on the sun's surface is 28'36 
times greater than tie same velocity on the surface of oiir 
globe ; the greatest velocity therefore which a body could ob- 
tain in consequence of the solar attraction, or 

G= V(28-36 X 112-05) X 11,183 = 630,400 ; 
that is, this masimum velocity is equal to 630,400 metres, or 
85 geographical miles in one second. 

By the help of this constant number, which may he called 
the charad&riilic of the solar system, the velocity of a body 
in central motion may easiiy be determined at any point of its 
orbit. Let a be the mean distance of the planetary body from 
the centre of gravity of the sun, or the greater semidiameter 
of its orbit (tho radius of the sun being taken as unity) ; and 
let h be the distance of tlie same body at any point of its orbit 
fi-om the centre of gravity of tbe ann ; then the velocity, 
expressed in metres, of the planet at the distance A is 
/ia—h 

At tlie moment tlie planet comes in contact wifli the solar sur 
face, A is eqnal to 1, and its velocity is therefore 

„ /2"-l 
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It follows from this fommla that the smaUer 2a (or fJi* 
major axis of lie orbit of a planetary body) becomes, the 
leaa will be its velocity when it reaches tiie sun. This velo- 
cily, lite the major axis, has a minimum ; for so long as the 
planet moves outside the sua, its major axis cannot be shorter 
than the diameter of the sun, or, taldng the solar radins as a 
unit, the quantity 2a can never be less than 2. The s 
velocity with which we can imagine a cosmical body to a 
on the surface of the sun is consequently 



Gxy 1=445,750, 

or a velocity of 60 geographical miles in one second. 

For this smallest value the orbit of the asteroid is circu- 
lar ; for a larger value it becomes elliptical, until finally, with 
increasing excenfricity, when the value of 2a approaches in- 
finity, the orbit becomes a parabola. In the last case the 
velocity is 

Gxy — ^=G, 

or, 85 geographical miles in one second. 

J£ the value of the major axis become negative, or the 
orbit assume the form of a hyperbola, (he velocity may in- 
crease without end. But this could only happen when cosmi-. 
cal masses enter the space of the solai: system with a pro- 
jected velocity, or when masses, having missed the sun's sur- 
face, move into the universe and never return ; hence a ve- 
locity greater than G can only be regarded as a rare excep- 
tion, and we shall therefore only consider velocities comprised 
within the limits of 60 and 80 miles." 

The final velocity with which a weight moving in a 

* The relative velocity also with wUch an asteroid reaches the solar 
surface depends in some degree on the velocity of the son's rotation. This, 
bowever, Bj well us the rotatory eftfeet of the asteroid, U withont moment, 
ind may be oegleoteii. 
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straight line towards the centre of the a 
i by the formula 



wherein c expresses the final Telocity ia metres, and A the 
original distance from the centre of the Bun in terms of solar 
radius. If this formula be compared with the foregoing, it 
will be seen that a mass which, after moving in central mo- 
tion, arrives at the sun's surface has the same Telocity as it 
■wotild possess had. it ftiUen perpendicularly into the sua from 
a distance* equal to the major asis of its orbit ; whence it is 
apparent that a planet, on arriviug at the sun, moves at least 
ea quickly as a weight which falls freely towards the sun 
from a distance as great as the solar radius, or 96,000 geo- 
graphical nulc) 

What thcimal affect corresponds to such velocities? Is 
the effect sufiiLiently great to play an important part in the 
immense development of heat on the sun ? 

This crucial question may be easily answered by help of 
the preceding considerations. According to the formula given 
at the end of Chapter 11., the degree of heat generated by 
percussion is 

= 0-000139°Xc% 
where c denotes the velocity of the striking body expressed in 
metres. The velocity of an asteroid when it strikes the sun 
measures from 445,750 to 630,400 metres ; the caloric effect 
of the percussion is consequently equal to from 27^ to 55 mil- 
Uons of degrees of heat^. 

An asteroid, therefore, by its fall into the sun developea 

* This distance is to be eountfld from the centre of the Bun. 

\ Througliout tMs memoir the degrees of heat are espressed in tha 
Centigrade scale. Unlesa Btated tfl the contrary, the measures of length 
see ^ven in geographical miles. A gec^raphieal mile = 7420 metres, and 
an English mile — 160S metrea.— Tr. 
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from 4600 to 9200 times as much heat as would be generated 
by the combustion of an equal masa of coal. 



I.V.— ORIGIN OP THE SUN'S HEAT. 

TnE question why the planeta move in curved orbits, oae 
of the grandest of problems, was solved hy Newton in con- 
sequence, it is believed, of his reflecting on the fall of an ap- 
ple. This story is not improbable, for we are on the right 
track for the discovery of truth ivhen once we clearly recog- 
nize that between great and small no qualitative but only a 
quantitative difference exists — when wo resist the suggestions 
of an ever active imagination, and look for the samo laws in 
the greatest as well aa in the smaHest processes of nature. 

This universal range is the essence of a law of nature, 
and the touchstone of the correctness of human theories. "We 
observe the fall of an apple, and investigate the law which 
governs this phenomenon ; for the earth we Bubatitufc the 
sun, and for the apple a planet, and thus possess ourselves of 
the key to the mechanics of the heavens. 

As the samo laws prevail in the greater as well as in the 
smaller processes of nature, Newton's method may be used in 
solving the problem of the "origin of the sun's heat. We 
know the connesioo between the apace through which a body 
falls, the velocity, the vis viva, and the generation of heat on 
the surface of this globe ; if we again aubstitute for the earth 
the sun, with a mass 350,000 greater, and for a height of a 
few metres celestial distances, we obtain a generation of heat 
cxcffleding all terrestrial measures. And since we have suffi- 
(aent reason to assume the actual existence of such mechani- 
cal processes in the heavens, we find therein the only tenable 
explanation of the origin of the heat of the sun. 
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The fact that the development of heat by mechanical 
meaas on the surface of our globe isj aa a rule, not so great, 
and cannot he so great as the generation of the same agent 
by chemical means, as by combustion, follows from the laws 
already discussed ; and this fact cannot be used as an argu- 
ment against tlie assumption of a greater development of 
heat by a greater expenditure of mechanical work. It has 
been shown that the heat generated by a weight falling from 
a height of 367 metres is only j^ih part of the heat pro- 
duced by the combustion of the same weight of coal ; just aa 
small is the amount of heat developed by a weight moving 
with the not inconsiderable velocity of 85 metres in one sec- 
ond. But, according to the laws of mechanics, the effect is 
proportional to the square of the velocity ; if therefore the 
weight move 100 times faster, or with a velocity of 8500 
metres in one second, it will produce a greater effect than the 
combustion of an equal quantity of coal. 

It is true that so great a velocity cannot be obtained by 
human means ; everyday experience, however, shows the de- 
velopment of high degrees of temperature by mechanical 



In the common flint and steel, the particles of steel which 
are struck off are sufficiently heated to bum in air. A few 
blows directed by a skilful blacksmith with a sledge-hammer 
against a piece of cold metal may raise the temperature of 
the metal at the points of collision to redness. 

The new crank of a steamer, whilst being polished by 
friction, becomes red-hot, several buckets of water being re- 
quired to cool it down to its ordinary temperature. 

When a railway train passes with even loss than its ordi- 
nary velocity along a very sharp curve of the line, sparks are 
observed in consequence of the friction against the rails. 

One of the grandest constructions for the production of 
motion by human art is the channel in which the wood was 
allowed to glide down from the steep and lofty sides of Mount 
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Filatus into the plain bc]ow. Tliis wooden (;hannel whieli 
was built about thirty years ago by the engineer Eupp, was 
9 English mUes in length ; the largest trees were shot down 
it from th.0 top to the bottom of the mountain in about two 
minutes and a half. The momentum possessed by the treea 
on their escaping at tbeir journey's end from the channel was 
sufEeientiy great to bury their thicker ends in the ground to 
the depth of from 6 to 8 metres. To prevent the wood gef- 
tiug too hot and taking fire, water was conducted in many 
places into the channel. 

This stupendous mechanical process, when compared with 
cosmical processes on the sun, appears infinitely small. In 
the latt«r case it is the mass of the sun which attracts, and 
in lieu of the height of Mount Pilatus wc have distances of a 
hundred thousand and more miles ; the amount of heat gene- 
rated by cosmical falls is therefore at least 9 million times 
greater than in our terrestrial example. 

Kays of heat on passing through glass and other transpa- 
rent bodies undergo partial absorption, which differs in de- 
gree, however, according to the temperature of the source 
from which the heat is derived. Heat radiated from sources 
lea's warm than boiling water is almost completely stopped by 
thin plates of glass. As the temperatm-o of a somee of heat 
increases, its rays pass more copiously through diathermic 
bodies. A plate of glass, for example, .weakens the lays of 
a red-hot substance, even when the latter ia placed very close 
to it, much more than it does those emanating at a much 
greater distance from a white-hot body. If the quality of 
the sun's rays be examined in this respect, their diathennic 
energy is found to be far superior to that of ail artificial 
sources of heat. The temperature of the focus of a concave 
metallic reflector in which the sun's light has been collected 
is oidy diminished from one-seventh to one-eighth by the in- 
terposition of a screen of glass. If the same experiment be 
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made with an artificial and luminoiis source of heat, it is 
found Ihat, though the focus bo very hot when the screen ia 
away, the interposition of the latter cuts off nearly all the 
heat ; moreuverj the focus will not recover its former temper- 
ature when reflector and screen aie placed sufficiently near to 
the sonrce of heat to make the focua appear brighter than it 
did in the former position without the glass screen. 

The empirical law, that the diathermic energy of heat in- 
creases with the temperature of the source from which the 
heat is radiated, teaches us that the sun's surface must be 
much hotter than the most powerful process of combustion 
could render it. 

Other methods furnish the same conclusion. If wo ima- 
gine the sun to be surrounded by a hollow sphere, it ia clear 
that the inner surface of this sphere must receive all the heat 
radiated from the sun. At the distance of our globe from the 
sun, such a sphere would have a radius 215 times as great, 
and an area 46,000 times as large as the sun himself; those 
luminous and calorific rays, therefore, which meet this spheri- 
cal siffface at right angles retain only j^moth part of their 
original intensity. If it be further considered that our at- 
mosphere absorbs a part of the solar rays, it is clear that the 
rays which reach the tropics of our earth at noonday can 
only possess from ss;™^!! to j^th of the power with which 
they started. These rays, when gathered from a surface of 
from 5 to 6 square metres, and concentrated in an area of 
one square centimetre, would produce about the temperature 
which exists on the sun, a temperature more than suf&cient 
to vaporize platinum, rhodium, and similar metals. 

The radiation calculated in Chapter HI. likewise proves 
the enormous temperature of the solar surface. Prom the 
determination mentioned therein, it follows that each square 
centimetre of the sun's surface loses by radiation about 80 
units of heat per minute — an immense quantity in compan- 
son with terrestrial radiations. 



;d by Google 



280 CELESTIAL DYNAMICS, 

A correct theory of the origiE of the stsd's heat must ex- 
plain the cause of such enormous temperatures. This expla- 
nation can be dcdweed from the foregoing statemenla. Ac- 
cording to Pouillet, the temperature at which bodies appear 
intensely white-hot is about 1500° C. Tlie heat generated by 
the combustion of one kilogramme of hydrogen is, as deter- 
mined hy Dulong, 34,500, and according to the more recent 
experiments of Grasai, 34,666 units of heat. One part of 
hydrogen combines with eight parts of oxygen to form water ; 
hence one kilogramme of these two gases mixed in this ratio 
would produce 3850°. 

Let us now compare this heat with the amoimt of the 
some agent generated by the fall of an a'-teroid into the sun. 
Without taking into account the low specifie heat of such 
masses when compared with that of water, we find the heat 
developed by the asteroid to he from 7000 to 15,000 times 
greater than that of the oxyhydrogen mixture. From data 
lite these, the extraordinary diathermic energy of the sun's 
rays, the immense radiation from his surface, and the high 
temperature in the focus of the reflector are easily accounted 
for. 

The facts above mentioned show that, unless we assume 
on the sun the existence of matter with unheard of chemical 
properties as a deus ex machind, no chemical process could 
maintain the present high radiation of the sun ; it ako fol- 
lows from the above results, that the chemical nature of bo- 
dies which fall into the sun does not in the least affect our 
conclusions ; -the eiTec-t produced by the most inflanamablu 
suhstance would not differ by one-thousandth part from that 
resulting from the fall of matter possessing hut feeble chemi- 
eol affinities. As the brightest artificial light appears dark in 
comparison with the sun's light, so the mechanical processes 
of the heavens throw into the shade the most powerful chem- 
ical actions. 

The quality of the sun's rays, as dependent on his temper 
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ature, is of the grealest importance to mankind. If tke solai 
heat were originated by a, chemical process, and amonnted 
near its source to a temperature of a few thousand degrees, 
it would he possible for the light lo reach us, whilst the 
greater part of the more important calorific rays would be ab- 
sortied by tJie higher strata of our atmosphere and then re- 
turned to the universe. 

In consequence of the high temperature of the sun, how- 
ever, our atmosphere is highly diathermic to his raya, so that 
the latter reach the surface of our earth and warm it. The 
comparatively low temperature of the terrestrial surface is 
the cause why the heat cannot easily radiate back through the 
atmosphere into the universe. The atmosphere acts, there- 
ibre, lite an envelope, which is easily pierced by tie solar 
rays, but which offers considerable resistance to the radiant 
heat escaping from our earth ; its aclaOQ resembles that of a 
valve which allows liquid to pass freely in one, hut stops the 
flow in the opposite direction. 

The action of the atmosphere is of the greatest impor- 
tance as regards climate and meteorological processes. It 
must raise the mean temperature of the earth's surface. Af- 
ter the setting of the sun — in fact, in all places where his 
rays do not reaoh the surface, the temperature of the earth 
would soon be as low as that of the universe, if the atmos- 
phere were removed, or if it did not esist. Even the power- 
fill solar rays in the tropics would bo unable to preserve wa- 
ter in its liquid state. 

Between the great cold which would reign at all times 
and in all places, and the moderate warmth which in reality 
exists on our globe, intermediate temperatures may be ima- 
gined ; and it is easily seen that the mean temperature would 
decrease if the atmosphere were to become more and more 
rare. Such a rarefeotion of a valve-like acting atmosphere 
BctnaUy takes place as we ascend higher and higher above 
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Ihe level of the sea, and it is accordingly and necessarily ac 
companied by a corresponding diminntion of temperature. 

This -well-known fact of the lower mean temperature of 
places of greater altitude Las led to the strangest hypotheses. 
The sun's rays were not supposed to contain all the condition)' 
for wanning a body, but to set in motion tlie "snhstanee' 
of heat contained in the earth. This "substance" of beat, 
cold when at rest, was attracted by the earth, and was there" 
fore found in greater abundance near the centre of the globe. 
This yiew, it was thought, explained why the warming power 
of the sun was so much weaker at the top of a mountain than 
at the bottom, and why, in spite of his immense radiation, he 
retained his full powers. 

This belief, which especially prevails amongst imperfectly^ 
informed people, and which will scarcely succumb to correct 
views, is directly contradicted by the excellent csperimenta 
made by Pouillet at different aitltndes with the pyrheliomcter. 
These experiments show that, everything else being equal, 
the generation of heat by the solar rays is more powerful in 
higher altitudes than near the surface of our globe, and that 
consequently a portion of these rays is absorbed on their pas- 
sage through the atmosphere. Wliy, in spite of this partial 
absorption, the mean temperature of low altitudes is never- 
theless higher than it is in more elevated positions, is ex- 
plained by the fact that the atmosphere stops to a far greater 
degree the calorific rays emanating from the earth than il 
does those from the sun. 



v.— CONSTANCY OF THE SUN'S MASS. 

Newton, as is well known, considered light to be the 
amission of luminous particles from the sun. In the contin- 
a of light this great philosopber saw a cause tend- 
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iDg to diminish the solar mass ; and lie assumed, in order to 
make good tliis loss, comets and other cosmical masses to be 
continually falling into the central body, 

If we express this view of Newton's in the language of 
the undulatory theory, which is now universaUy accppted, we 
obtain the results developed in the preceding pages. It is 
tme that our theory does not accept a peculiar "substance" 
of light or of heat ; nevertheless, according to it, the radia- 
tion of light and heat consiafa also in purely material pro- 
cesses, in a sort of motion, in the vibrations of ponderable 
resisting substances. Quiescence is darkness and death ; mo- 
tion is light and life. 

An undulating motion proceeding from a point or a piano 
and excited in an unlimited medium, cannot be imagined apart 
from another simultaneous motion, a translation of the parti- 
cles themselves ;* it therefore follows, not only from the emi»- 
Bion, but also from the undulatory theory, that radiation con- 
tinually diminishes tbe mass of the huh. "Why, nevertheless, 
flie mass of the sun does not really diminish has already been 
stated. 

The radiation of the sun is a centrifugal action equivalent 
to a centripetal motion. 

The caloric effect of the centrifugal action of the sun can 
be found by direct observation ; it amounts, according to 
Chapter III., in one minute to 12,650 milhons of cubic miles 
of heat, or 5-17 quadrillions of units of heat. In Chapter 
IV. it has been shown that one kilogramme of the mass of an 
asteroid originates from 27-5 to 55 millions of units of heat ; 
the quantity of cosmisal masses, therefore, which falls every 
minutfi into the sun amounts to from 9i,000 to 188,000 bil- 
lions of kilogrammes. 

To obtain this remarkable result, we made use of a method 

* This centrifugal motion ia perhaps the cause of the repulsion of the 
tails on comela when in the ndghbourbood of the buq, ks obserred by 
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whicli is common in physical inquiries. Oljservation of the 
moon's motion reveals to us the external form of the earth. 
The physicist determines with the torsion-balance the weight 
of a, planet, just as the merchant finds the weight of a parcel 
of goods, whUst the pendulum has beoome a magic power ia 
the hands of the geologist, enabhng him to discover cavities 
in the bowels of the earth. Our case is similar to these. By 
observation and calculation of the velocity of sound in our 
atmosphere, wo obtain the ratio of the specific heat of air un- 
der constant pressure and under constant volume, and by the 
help of this number we determine the quantity of heat gene- 
rated by mechanical work. The heat which arrives from the 
sun in a given time on a small surface of our globe serves as 
a basis for the calculation of the whole radiating effect of the 
sun J and the result of a series of observations and well- 
founded conclusions is the qnontitatii t, determination ot those 
cosmical masses which the sun receives from the space 
through which he sends forth his mjs 

Measured by terrestrial standards, the ascertained number 
of so many billions of kilogrammes per nomute appear"* m- 
credible. This quantity, however, may be brought nearer to 
our comprehension by comparison with other cosmical mag- 
nitudes. "X^e nearest eelestiil body to us (the moon) has a 
mass of about 90,000 trillions of kilogrammes, and it would 
therefore cover the espenditure of the sun for from one to 
two years. The mass of the earth would afford nourishment 
to the sun for a period of from 60 to 120 years, 

_ To facilitate the appreciation of the masses and the dis- 
tances oectirring in the planetary system, Herschel draws the 
following picture. Let the eun bo represented by a globe 1 
metre in diameter. The nearest planet (Mercury) will be 
about as large as a pepper-eorn, 3i millimetres in thickness, 
at a distance of 40 metres. 78 and 107 metres distant from 
the sun wiU move Venus and the Earth, each 9 millimetres in 
diameter, or a little larger than a pea. Kot much more than 
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a quarter of a metre from the Eartli will be tho Moon, th^ 
size of a mustard seed, 2^ millimetres iu diameter. Mars, 
at a distance of 160 metres, will have about half the diame- 
ter of the Earth ; and the smaller planets (Vesta, Hebe, As 
tiea, Juno, Pallas, Ceres, &c.), at a distance of from 250 to 
300 metres from the son, will resemble particles of sand. 
Jupiter aad Satnrn, S60 and 1000 metres distant from the cen- 
fre, will be represented by oranges, 10 and 9 centimetres in 
diameter. Uranus, of the size of a nnt i centimetres across, 
will bo 2000 metres ; and Neptune, as large as an apple C 
centimetres in diameter, mil be nearly twice as distant, or 
about half a geographical mile away from the sun. From 
Neptune to the nearest fixed star will be more than 2000 geo- 
graphical miles. 

To complete this picture, it is necessary to imagine finely- 
divided matter grouped in a diTcrsified manner, moving slowly 
and gradually towards the large central globe, and on its ax- 
rival attaching itself thereto ; this matter, when favourably 
illuminated by the snn, represents itself to us as the zodiacal 
light. This nebulous substance forms also an important part 
of a creation in which nothing is by chance, but wherein all 
is arranged with Divine foresight and wisdom. 

The snrface of the smi measures 115,000 milhons of 
square miles, or 6^ trillions of square metres ; the mass of 
matter which in the shape of asteroids falls into the snn every 
mmute is from 94,000 to 188,000 bilUons of kilogrammes ; 
one square metre of solar surface, therefore, receives on an 
average from 15 to 30 graromes of matter per minute. 

To compare this process with a terrestrial phenomenon, a 
gentle rain may be considered which sends down in one hour 
a layer of water 1 millimetre in thickness (dming a thunder- 
storm the rainfall is often from ten to fifteen times this quan- 
tity) ; this amounts on a square metre to 17 grammes per 
minute. 
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The continual bombardment of the sun by these coamicol 
masses ought to increase its volume bs well as its mass, if 
centripetal action only existed. The increase of volume, 
could scarcely he appreciated by man ; for if Ihe specific grav- 
ity of these cosmical masses ho assumed lo be the same as 
tliat of the sun, the enlargement of hia apparent diameter to 
the extent of one second, the smallest appreciable magnitude, 
would require from 33,000 to 66,000 years. 

Not quite so inappreciable would be the increase of the 
mass of the sun. If this mass, or the weight of the sun, 
were augmented, an acceleration of the motion of the planets 
in their orbits would be the consequence, whereby their times 
of revolution round the central body would be shortened. 
The mass of the sun is 2'1 quintiUioiis of kilogrammes ; and 
the Biass of the cosmical matter annually arriving at the sun 
stands to the above as 1 to from 21 — 42 millions. Such an 
angmentation of the -weight of the sua ought to shorten the 
sidereal year from i^dsth to a^os;i5ofli of its length, or from 
Jths to §ths of a second. 

The observations of astronomers do not agree with this 
conclusion ; we must therefore fiiJl back on the theory men- 
tioned at the beginning of this chapter, which assumes that 
the sun, like the ocean, is constantly losing and receiving 
equal quantities of matter. This harmonizes with the suppo- 
sition that the vis viva of the universe is a constant quantity. 



VI.— THE SPOT!! ON THE SUN'S DISC. 

The solar disc presents, according to Sir John Herschel, 
the following appearance. ""When the sun is observed 
through a powerful telescope provided with coloured glasses 
in order to lessen the heat and brightness which would be 
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hurtful to the cyea, large dark spots are often seen surrounded 
by edges whicli are not quite so dark as the spots themselves, 
and which are called penumbrte. These spots, however, are 
neither permanent nor unchsingeable. When observed from 
day to day, or even from hour to hour, their form is seen to 
change ; they expand or contract, and finally disappear ; OQ 
other parts of the solar surface new spots spriag into exist- 
ence where none conld be discovered before. When they dis- 
appear, the darker part in the middle of the spot contracts to 
a point and vanishes sooner than the edge. Sometimes Ihey 
break up into two or more parts that show all the signs of 
mobility characteristic of a liquid, and the extraordinary 
commotion which it seems only possible for gaseous matter to 
possess. The magnitude of their motion is very great. An 
arc of 1 second, as seen from our globe, corresponds to 465 
English miles on the sun's disc ; a circle of this diameter, 
which measures nearly 220,000 English square miles, is the 
smallest area that can bo seen on the solar surface. Spots, 
however, more than 45,000 English mUea in diameter, and, 
if we may trust some statements, of even greater dimensions, 
have been observed. For such a spot to disappear in the 
course of six weeks (and they rarely last longer), the edges, 
whilst approaching each other, must move through a space of 
more than 1000 miles per diem. 

" That portion of the solar disc which is free from spots 
is by DO means uniformly bright. Over it axe scattered small 
dark spots or pores, which are found by careful observation 
to be in a state of continual change. The slow sinking of 
some chemical precipitates in a transparent liquid, when 
viewed irom the upper surface and in a dircelion perpendicu- 
lar thereto, resembles more accurately than any other phe- 
nomenon the changes which the pores undergo. The similar- 
ity is so striking, in fact, that one can scarcely resist the idea 
that the appearances above described are owing to a luminous 
medium moving about in a non-luminous atmosphere, either 
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Kbe the clouds in our air, or in wide-spread plam. j,nd fiimo- 
like eolrnnng, or ia rays like the aurora borealis 

" Near largo spots, or extensive groups of them, large 
spaces are observed to be covered with pecuharly marked 
lines much brighter thaa the other parts oi the luriiice , these 
Imes are curved, or deviate in branches, and are called facuhe. 
Spots are often seen between these hues, or to originate there. 
These are in oil probabihty the crests of immense 'waves in 
the luminous re^ons of the solar atmosphere, and bear wit- 
ness to violent action in their immediate neighbourhood." 

The changes on the solar atirface evidently point to die 
action of some external disturbing force ; for every moving 
power resident in the sun itself ought to exhaust itself by ifa 
own action. These changes, therefore, are no nnimportaot 
confirmation of the theory explained in tliese pages. 

At the same time it must be observed that our knowledge 
of physical hehography is, front the ntfturo of the subject, 
very limited ; even the meteorological processes and other phe- 
nomena of our own planet are still in many respects enigmat- 
ical. Tor this reason no special information conld be given 
about the manner in which the solar surface is affected by 
cosmical masses. However, I may be allowed to mention 
some probable conjectures which ofier themselves. 

The extraordinarily high temperature which exists on the 
Bun almost precludes. the possibility of its surface being solid ; 
it doubtless consists of an uninterrupted ocean of fiery fluid 
rnatter. This gaseous envelope becomes more rarefied in 
those parts most distant from the sun's centre. 

As most substances are able to assume the gaseous state 
of aggregation at high temperatures, the height of Iho sun's 
atmosphere cannot bo inconsiderable. There are, however, 
Bound reasons for believing that the relative height of the so- 
lar atmosphere b not very groat. 

Since the gravity is 28 times greater on the aim's surface 
ihar. it is on our earth, a column of air on the former must 
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cause a prcasuro 28 times greater than it would on our 
globe. This great pressure compresses air as much as a tem- 
perature of 8000° would expand it. 

In a still greater degree than this increased gravity do the 
qualities peculiar to gases affect the height of the solar atmo- 
sphere. In consequence of these properties, the density of 
our atmosphere rapidly diminishes as we ascend, and increases 
as we descend. Generally speaking, rarefaction increases in 
a geometrical progression when the heights are in an arith- 
metical progression. If wo ascend or descend 2^, 5, or 30 
miles, we find our atmosphere 10, 100, or a billion times more 
rarefied or more dense. 

This law, although modified by the unequal temperatures 
of the different layers of the photosphere, and the unknown 
chemical nature of the substances of which it is composed, 
must also hold good in some measure for the sun. As, how- 
ever, the mean temperature of the solar atmosphere must 
considerably exceed that of onr atmosphere, the density of the 
former will not vary so rapidly with the height as the latter 
does. If we assume this increase and decrease on the sun to 
be ten times slower than it is on our earth, it follows that at^ 
the heights of 25, 50, and 300 miles, a rarefaction of 10, 
100, and a billion times respectively would be observed. The 
solar atmosphere, therefore, does not attain a height of 400 
geographical miles, or it cannot be as much as ^th of the 
Eun's radius. For if we take the density of the lowest strata 
of the sun's atmosphere to bo 1000 times greater that that of 
our own near the level of the sea, a density greater than that 
of water, and necessarily too high, then at a height of 400 
miles this atmosphere would be 10 biUion times less dense 
than the earth's atmosphere ; that is to say, to human com- 
prehension it has ceased to exist. 

This discussion shows that the solar atmosphere, in com- 
parison with the body of the sun, has only an insignificant 
height J at the same time it may be remarked that on the 
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sun's sarfaee, In spite of the great heat, such substances as 
water may possibly exist in the liquid stat« under a pressure 
thousands of times greater than that of our atmosphere. 

Since gases, when free from any solid partides, emit, even 
at Tery high temperatures, a pale transparent light — ^the so- 
called lumeit philosophimm — it is probable that the intense 
white light of the sun has its origin in the denser parts of his 
surface. If such be assumed to he the case, the sua'a spots 
and faeulie seem to be the disturbances of the fiery liquid 
ocean, caused by most powerful meteoric processes, for which 
all necessary materials arc present, and partly to bo caused 
by the direct influence of streams of asteroids. The deeper 
and less heated parts of this fiery ocean become thus exposed, 
and perhaps appear to us as spots, whereas the elevations 
form the so-called faculse. 

According fo the experiments made by Henry, an Ameri- 
can physicist, the rays sent forth from the spots do not pro- 
duce the same heating effect as those emitted by the brighter 

"We have to mention one more remarkable circumstance. 
The spots appear to be confined to a zone which extends 30° 
on each side of the sun's equator. The thought naturally 
suggests itself that some connexion exists between those solar 
processes which produce the spots and facuIie, the yclocity of 
rotation of the sun, and the swarms of asteroids, and to de- 
duce therefrom the Hiaitatjon of the spots to the zone men- 
tioned. It still remains enigmatical by what means nature 
contrives to bring about the uniform radiation which pertains 
alike to the polar and equatorial regions of the sun. 
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Til— THE TIDAL WAVE. 

In almost every caaa the forces and motions on the sur 
face of the earth may be traced back to the rays of the snn. 
Some procesaea, however, form a remarkable exception. 

One of these 13 the tides. Beantiful, and in some re- 
spects exhaustive researchea on this plienomenon have been 
made by Newton, Laplace, aad others. The tides are caused 
by the attraction exercised by the sun and the moon on the 
moveable parts of the earth's surface, and by the axial rotar- 
tion of our globe. 

The alternate rising and falling of the level of the sea 
may be compared to the ascent and descent of a pendulum 
oscillating under the influence of the earth's attraction. 

The continual resistance, however weak it may be, which 
an instrument of this nature (a physical pendulum) suffers, 
constantly shortens the amplitude of (he oaciUations which it 
performs ; and if the pendulum be required to continue in 
uniform motion, it mast receive a constant supply of vis viva 
eorreaponding to the resistance it has to overcome. 

Clocks regulated by a pendulum obtain such a supply, 
either from a raised weight or a bent spring. The power 
consumed in raising the weight or in bending the spring, 
which power is represented by the raised weight or the bent 
spring, overcomes for a time the resistance, and thus secures 
the uniform motion of the pendulum and clock. In doing so, 
the weight sinks down or the spring uncoils, and therefore 
force must be expended in winding the clock up again, or it 
would stop moving. 

Essentially the same holds good for the tidal wave. The 
moving waters rub against each other, against the shore, and 
against the atmosphere, and thus, meeting constantly with re- 
sistance, would soon come to rest if a vis viva did not exist 
competent to overcome these obstacles. This vis viva is tha 
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rotation of the earth oe its asis, and the dimination and final 
exhaustion thereof will be a consequence of Buch an action. 

The tidal wave causes a diminution of the velocity of tht 
rotation of the earth. 

This important conclusion can be proved in different ways. 

The attraction of the sun and the moon disturbs the equi- 
librium of the moveable parts of the earth's surface, so as to 
move the wafers of the sea towards the point or meridian 
above and below which the moon culminates. If tlie waters 
could move withont resistance, the elevat«d parls of the tidal 
■wave would exactly coincide with the moon's meridian, and 
under such conditions no consumption of vis viva could take 
place. In reality, however, the moving waters experience 
resistance, in consequence of which the flow of the tidal 
wave 18 delayed, and high water occurs in the open sea on 
the average ahout 2J hours after the transit of the moon 
through the meridian of the place. 

The waters of (he ocean move from west and east towards 
the meridian of the moon, and llie more elevated wave is, for 
the reason above stated, always to the east of the moon's me- 
ridian ; hence the sea must press and flow more powerfuUy 
from east to west than from west to east. The ebb and flow 
of the tidal wave therefore consists not only in an alternate 
rising and falling of the waters, hut also in a slow progressive 
motion from east to west. The tidal wave produces a gen- 
eral western current in the ocean. 

This current is opposite in direction to the earth's rota- 
tion, and therefore its friction against and collision with the 
ted and shores of the ocean must offer everywhere resistance 
lo the axial rotation of the earth, and diminish the vis viva of 
its motion. The earth here plays the part of a fly-wheel. 
The moveable parts of its surface adhere, so to speak, to the 
relatively fixed moon, and are dragged in a direction opposite 
to that of the earth's rotation, in consequence of which, ac- 
tion takes place between the solid and liquid parts of this fly^ 
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wheel, resistaace is overcome, aad tlie givpn rutatory effect 
diminished. 

■Water-mills have been turned by the action of the tides ; 
the cfFects produced by such an arrangement are distinguished 
ia a remarkable manner from those of a miH turned by a 
mountain-stream. The one obtains iko vis liva with which 
if works from the earth's rotation, the other from the snn'a 
radiation. 

Varions causes combine to incessantly maintain, partly in 
an nndulatory, partly in a progressive motion, the waters of 
the ocean. Besides the influence of the sun and the moon on 
the rotating earth, mention must be made of tbe influence of 
the movement of the lower strata of the atmosphere on the 
surface of the ocean, and of tbe different temperatures, of the 
sea in various chmates ; tlie configuration of the shores and 
the bed of the ocean likewise exercise a manifold influence on 
the velocity, direction, and extent of the oceanic currents. 

The motions in our atmosphere, as well as those of the 
ocean, presuppose the existence and consumption of vis viva 
to overcome the continual resistances, and to prevent a state 
of rest or equilibrium. Generally speaking, the power neces- 
sary for the production of aerial currents may bo of threefold 
origin. Either the radiation of the aun, the heat derived 
from a store ia the interior of the earth, or, lastly, Uie rota- 
tory effect of the earth may be the source. 

As far as quantity is concerned the sun is by far the most 
important of the above. According to Pouillet's measure- 
ments, a square metre of the earth's surface receives on the 
average, 4*408 units of heat from tbe sun per minute. Since 
one unit of heat is equivalent to 367 Km, it follows that one 
square metre of the surface of our globe receives per minute 
an addition of vis viva equal to 1620 Km, or the whole of the 
eartli's surface in the same time 825,000 billions of Km. A 
power of 75 Km per second is called a horse-power. Ac- 
cording to this, the effect of the solar radiation in mechauioal 
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work on one square metre of tlie earth's sarface would be 
equal to 0-36, and ihn total effect for the whole globe 180 bil- 
lions of horse-powers. A not inconsiderable portion of this 
enormous quantity of vis viva is consumed in the production 
of atmospheric actions, in consequence of which numoroua 
motions are set up in the earth's atmosphere. 

In spite of their great variety, the atmospheric currecta 
may be reduced to a single type. In consequence of the une- 
qual heating of the earth in different degrees of latitude, the 
colder and heavier air of the polar regions passes in an under 
current towards the equator ; whereas the heated air of the 
tropics ascends to the higher parts of the atmosphere, and 
flows from thence towards the poles. In this manner the air 
of each hemisphere performs a circnitons motion. 

It is known that these. currents are essentially modified by 
the motion of the earth on its axis. The polar currents, with 
their smaller rotatory velocity, receive a motion from east to 
west contrary to the earth's rotation, and the equatorial cur- 
rents one from west to east in advance of the axial rotation 
of the earth. The former of these currents, the easterly 
winds, must diminish the rotatory effect of the globe, the lat- 
ter, the westerly winds, must increase the same power. The 
final result of the action of these opposed influences is, as re- 
gards the rotation of the earth, according to well-known me- 
chanical principles, =0 ; for these currents counteract each 
other, and therefore cannot exert the least influence on the 
asial rotation of the earth. This important conclusion was 
proved by Laplace. 

The same law holds good for every imaginable action 
which is caused either by the radiant heat of the sun, or by 
the heat which reaches the surface from the earth's interior, 
whether the action be in the air, in the water, or on the land. 
The effect of every single motion produced by these means on 
the rotation of the globe, is exactly compensated by the effect 
rf another motion in an opposite direction ; so that the result- 
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ant of uU these motions is, as fer as the asial rotation of the 
globe is coaeerned, ~ 0. 

In those actions known as the tides, snch compensation, 
however, does not take place ; for the pressure or pull by 
which they are produced is always stronger from east to west 
than from west to cast. The currents caused by this pull 
may ebh and flow in different directions, but their motion pre- 
dominates in that which is opposed to the earth's rotation. 

The velocity of the currents caused by the tide of the at- 
mosphere amounts, according to Laplace's calculation, to not 
more than 75 millimetrea in a second, or nearly a geographi- 
cal mile in twenty-four hours ; it is clear that much more 
powerful effects produced by the sun's heat would hide this 
action from, observation. The influecce of these air-currents, 
however, on the rotatory effect of the earth is, according to 
the laws of mechanics, exactly the same aa it would be were 
the atmosphere undisturbed by the sun's radiant heat. 

The combined motions of air and water are to be regarded 
from the same point of view. If we imagine the influence 
of the sun and that of the interior of our globe not to exist, 
the motion of the air and ocean from east to west ia still left 
as an obstacle to the axial rotation of the earth. 

The motion of tlie waters of tlio ocean from east to west 
was long ago verified by observation, and it is certain that 
the tides are the most effectual of the causes to which this 
great westerly current is to be referred. 

Besides the tidal wave, the lower aii--currents moving in 
the same direction, the trade-winds of the tropics especially, 
may be assigned as. causes of this general movement of the 
waters. The westerly direction of the latter, however, is not 
confined to the region of easterly winds ; it is met with in the 
region of perpetual calms, where it possesses a velocity of 
several miles a day ; it is observed far away from the tropics 
both north and south, in regions where westerly winils pre- 
15 
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vail, near the Cape of Good Hope, the Straiis of Magellan. 
the arctic regions, &c. 

A thard caase for the production of a general motion of 
translation of the "waters of the ocean is the unequal heating 
of the sea in different zones. According to the laws of hy- 
drostatics, the colder water of the higher degrees of latitude 
is compelled to flow towards the equator, and the warmer 
water of the tropics towards the poles, in conseqaencc of 
which, similar movements are produced in tlie ocean to those 
in the atmosphere. This is the cause of the cold under cur- 
rent from the poles to the equator, and of the warm surface- 
current from the equator to the polos . The waters of the lat- 
ter, by virtue of the greater velocity of rotation at the equa- 
tor, assume in their onward progress a direction from west to 
east. It is a striking proof of the preponderating influence ' 
of the tidal -wave that, in spite of this, the motion of jhe 
ocean is on the whole in an opposite direction. 

Theory and experience thus agree in the result tliat the 
influence of the moon on the rotating earth causes a motion 
of translation from east to west in both atmosphere and 
ocean. This motion must continually diminish the rotatory 
efiect of the eartli, for want of an opposite and compensating 
influence. 

The continual pressure of the tidal wave against the axial 
rotation of the earth may also be deduced from statical laws. 

The gravitation of the moon affects without exception all 
parts of the globe. Let the earth be divided by the plane of 
the meridian in which the moon happens to be into two hemi- 
splieres, one to the cast, the other to the west of tliis merid- 
ian. It is clear that the moon, by its attraction of the east- 
em hemisphere, tends to retard the motion of the earlli, and 
by its attraction of the western hemisphere, to accelerate the 
same rotation. 

Under certain conditions botli these lendencies compensate 
Bttch' other, and then the action of the moon on the earth'* 
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rotation bacomea zero. This happens when hoth hemispheres 
are arranged in a certain manner symmetricallj, or when no 
parts of tlie earth can change their relative position ; in the 
latter case a sort of symmetry is prodnced by the rotation. 

ITie form of iLe earth doviatce from a perfectly symmet- 
rical sphere on account of the three following causes: — (1) 
the flattening of the poles, (2) the mountains on the surfiice, 
and (8) the tidal wave. The first two causes do not change 
the velocity of the earth's axial rotation. In order to com- 
prehend clearly the effect of the tidal wave, we shall imagine 
the earth to be a perfectly eynametrical sphere uniformly sur- 
rounded by water. The attraction of tlie sun and the moon 
disturbs the equilibrium of Ibis mass, and two flat mouutaine 
of water are formed. The top of one of these is directed 
towards the moon, and the summit of the other is turned 
away from it, A straif^ht line paisiug through the tops of 
these two mountains is called the major axis of this earth- 
spheroid. 

In this' state the earth may be imagined to be divided 
into three parts — a smaller spliere, and two spherical seg 
ments attached to the opposite sides of the latter, and repre 
sentifflg the elevations of the tidal wave. The attraction of 
the moon on the small central sphere docs not change the ro 
tation, and we have therefore only to consider the influence 
of this attraction on the two tidal elevations. The upper ele- 
vation or mountain, the one nearest the moon, is attracted 
towards the west because its mass is principally situated to the 
east of the moon, and the oppofcite mountain, which is to the 
west of the moon, is attracted towards the east. The upper 
tidal elevation is not only more powerfully attracted because 
it is nearer to the moon, hut also because the angle under 
which it is pulled aside is more favourable for lateral deflec- 
tion tlian in the ease of the opposite protuberance. The pree- 
Bure from east to west of the iipper elevation preponderates 
therefore over the pressure from west to east of the opposite 
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mouctain ; according to calculation, lliesc quantities stand t4 
each other nearly as 14 to 13. From the relative position of 
fliese two tidal protuberances and the moon, or the unchange* 
able position of the major aJtis of the earth-spheroid towards 
the centre of gravity of the moon, a pressure results, which 
preponderates from east to west, and offers an obstacle to the 
earth's rotation. 

If gravitation were to be compared with magnetic attrac- 
tion, the earth might be considered to be a large magnet, one 
pole of which, being more powerfully attracted, would repre- 
sent the upper, and the other pole the lower tidal elevation. 
As the upper tidal wave tends to more towards the moon, the 
earth would act like a galvanometer, whose needle has been 
deflected fi»m the magnetic meridian, and which, while tend- 
ing to return thereto, exerts a constant lateral pressure. 

The foregoing discussion may suffice to demonstrate the 
influence of the moon on the earth's rotation. The retarding 
pressure of the tidal wave may quanfitalively be determined 
in the same manner as that employed in computing the pre- 
cession of the equinoxes and the nutation of the earth's axis. 
The varied distribution of land and water, the unequal and 
unknoVn depth of the ocean, and the as yet imperfectly ascer- 
tained mean difference between the time of the moon's cul- 
mination and tliat of high water in the open sea, enter, how- 
ever, as elements into such a calculation, and render the de- 
sired result an uncertain quantity. 

In the mean time this retarding pressure, if imagined to 
act at the equator, cannot be assumed to be less than 1000 
millions of kilogrammes. In order to start with a definite 
conception, we may be allowed to use this round number as a 
basis for the following calculations. 

The rotatory velocity of the earth at the equator is 464 ' 
metres, and the consumption of mechanical work, therefore, 
for the maintenance of the tides 464,000 millions of Km, or 
GOOC millions of horse-powers per second. The eficet of the 
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lides may consequently be estimated at ^^ih <rf the effect re- 
ceived, by the earth from the sun. 

The rotatory effect wbich the earth at present possesses, 
may be calculated from its mass, Tohime, and velocity of rota- 
tion. The volume of the earth is 2,650,686,000 cubic miles, 
and its specific gravity, according to Eeich, ^ 544, If, for 
the sake of simplicity, we assrnne the density of the earth to 
be uniform throQghout ila mass, we obtain from the above 
premises, and the known velocity of rotation, 25,840 quadril- 
lions of kilogrammctres as the rotatory effect of the earth. 
If, during every second in 2500 years, 464,000 millions of 
Km of this effect -were consumed by the ebb and flow of the 
tidal wave, it woold snffer a diminution of 36,600 trillions of 
Km, or about fo^ssith of its quantity. 

The velocities of rotation of a sphere stand to each other 
in the same ratio as the square roots of the rotatory effects, 
when the volume of the sphere remains constant. IVom. this 
it follows that, in the assumed time of 2500 years, the length 
of a day has increased ys^th ; or if a day bo taken equal 
to 86,400 seconds, it has lengthened i^th of a second, if the 
volume of the earth has not changed. "VViether this supposi- 
tion be correct or not, depends on the temperature of our 
planet, and will be discussed in the next chapter. 

The tides also react ou the motion of the moon. The 
stronger attraction of the elevation nearest to, and to Uie east 
of the moon, increases with the tangential velocity of our sat- 
ellite ; the mean distauce of the earth and the moon, and the 
lime of revolaflon of the latter, are consequently augmented. 
The effect of this action, however, is insignificant, and, ac- 
cording to calculation, does not amount to more than a frac- 
tion of a second in the course of centuries. 
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Till.— THE EARTH'S INTERIOR HEAT. 

WrrnouT doubt tliere was ono« a time when our globe 
had not assumed its present magnitude. According to this, 
by aid of this simple assumption, the origin of our planet may 
be reduced to the union of once separated masses. 

To the mechanical combinations of masses of the second 
order, with masses of the second and third order, &c., the 
same laws as those enunciated for the sun apply. The collis- 
ion of such masses must always generate an amount of heat 
proportional to the squares of their velocities, or to their me- 
chanical effect. 

Although we are not in a position to affirm anything cer- 
tain respecting the primordial conditions under which the 
constituent parts of the earth existed, it is nevertheless of the 
greatest interest to estimate the quantities of heat generated by 
the collision and combination of these parts by a standard 
based on the simplest assumptions. 

Accordingly we shall consider for the present the earth to 
have been formed by the union of two parts, which obtained 
their relative motions by tlieir mutual attraction only. Let 
the whole mass of the present earth, expressed in kilo- 
grammes, be T, and the masses of the two portions T— le and 
m. The ratio of these two quantities may be imagined to 
assume various values. The two extreme cases are, when x 
is considered infinitely small in comparison with T, and when 
X ^ T— X = J T. These form the limits of all imaginable 
ratios of the parts T— a: and x, and will now be more closely 
examined. 

Terrestrial heights are of course excluded from the fol- 
lowing consideration. In the first place, let a:, in comparison 
with T— a-, be infinitely small. The final velocity with 
irhich X arrives on the surface of the large mass, after having 



;d by Google 



THE earth's IHTEEIOE HEAT, 301 

passed through a great space in a straight line, or after pre- 
Tioiia central motion romtd it, is, according to the laws devel- 
oped in relation to the sun in Chapter III., confined within 
the limits of 7908 and 11,183 metres. Tlie heat generated 
by this process may amount to from 8685Xa:to 17,370Xio 
units, according to the value of the major axis of the orbit 
of a. This heat, however, vanishes by its diatributioa through 
the greater mass, because a: is, according to supposition, infi- 
nitely small in comparison with T. 

The quantity of heat generated increases with x, and 
amounts in the second case, when s^^T, to from 6000xT 
to 8685XT units. 

If wc assume the earth to possess a very great capacity 
for heat, equal in fact to that of its volume of water, which 
when calculated for equal weights = 0'184, the above discus- 
sion leads to the conclusion that the difference of temperature 
of the constituent parts, and of the earth after their union, or, 
in other words, the heat generated by the collision of these 
parts, may range, according to their relative magnitude, from 
0° to 32,000°, or even to 47,000° ! 

With the Humber of parts wliich thus mechanically com 
bine, the quantity of heat developed increases. Far greafei 
still Tvould have been the generation of heat if the constituent 
ptuts had moved in separate orbits round the sun before their 
union, and had accidentally approached and met each other. 
For various reasons, however, this latter supposition ia not 
very probable. 

Several facts indicate that our earth was once a fiery 
liquid mass, which has since cooled gradually, down to a com- 
paratively inconsiderable depth from the aurfeee, to its pres- 
ent temperature. The first proof of this is the form of the 
earth. " The form of the earth is its hisfory." According 
(o the most careful measurements, the flattening at the poles 
is exactly such as a liquid mass rotating on its axis with the 
velocity of the earth would possess ; from this wc may con- 
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dude tliat tlio earth at the time it received its rotatory molioD 
was in a liquid state ; and, aft«r muck controversy, it may be 
considered as settled that this liquid condition was not tliat of 
an aqueous solution, but of a mass melted by a high tempera- 

The temperature of the crust of the globe likewise fiir- 
Dishes proof of the existence of a store of heat ia its interior. 
Many exact experiments and measurements show that tho 
temperature of the earth increases with the deptli fo which 
we penetrate. In boring the artesian well at Grenelle, which 
is 546 metres deep, it was observed that the temperature aug- 
mented at the rate of 1° for every 30 metres. The same re- 
sult was obtained by observations in the artesian well at Mon- 
dorf in Luxembourg ; this weil is 671 metres in depth, and 
its water 34° warm, 

Thermid springs fumiali a sticking proof of the high tem- 
perature existing; in llie interior of the earth. Scientific men 
are agreed that the aqueous deposits from the atmosphere, 
rain, hail, dew, and snow, are the sole causes of the format 
tion of springs. The water obeying the laws of gravity, per- 
colates tliroiigh the earth wherever it can, and reappears at 
the surface in places of a lower situation. Wlicn water sinis 
to considerable depths through vertical crevices in tho rocks, 
it acquires the temperature of the surrounding strata, and 
returns as a thermal spring fo the surface. 

Such waters are frequently distinguished irom the water 
of ordinary springs merely by their possessii^ a higher tem- 
perature. If, however, the water in its course meets with 
mineral or organic substances which it can dissolve and re- 
tain, it then reappears as a mineral spring. Examples of 
Euch are met witli at Aachen, Carlsbad, &c. 

In a far more decided manner than by the high tempera- 
ture of the water of certain springs, the interior heat of our 
globe is made manifest by those fiery fluid masses which 
sometimes rise from considerable depths. The temperatui-a 
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of the earth's crust iucreases at tlie rate of 1° for every 30 
metres we descend from the surface towards the centre. Al- 
though it is incredible that this augmentation can continue at 
the same rate till the centre he reached, we may nevertheless 
asaimie with certainty that it does continue to a considerable 
depth. Calculation based on this assumption shows that at 
a depth of a few miles a temperature must exist sufficiently 
powerful to fuse most substances. Such molten masses pene- 
trate the cold crust of the globe in many places, and maJte 
their appearance aa lava. 

A distinguished scientific man has lately expressed him- 
self on the origin of the interior heat of the earth as follows . 
— " No one of course can explain the final causes of things. 
This much, however, is clear to every thinking man, that 
there is just as much reason that a body, like the earth, for 
example, should be warm, warmer than ice or human blood, 
aa there is that it should be cold or colder than (he latter. A 
particnlar cause for this absolute heat is as little necessary aa 
a cause for juotion or rest. Change — that is to say, transi- 
tion from one state of things to another — alone requires and 
admits of explanation." 

It is evident that this reflection is not fitted to suppress the 
desire for an explanation of the phenomenon in question. As 
all matter has the tendency to assamo the same temperature 
as that possessed by the substances by which it happens to be 
surrounded, and to remain in a quiescent state as soon as 
equilibrium has been established, wo must conclude that, 
whenever we meet with a body warmer than its neighbours, 
such body must have received at a (relatively speaking) not 
far distant time, a certain degree' of heat, — a process which 
certainly allows of, and requires explanation. 

Kewton's theory of gravitation, whilst it enables us to de- 
.eriaine, from its present form, the earth's state of aggrega- 
tion in ages past, at tJie some time points cut to us a source 
of heat powerful enough to produce such a state of aggrega- 
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tion, powerful enough to melt ■worlds ; it teaches us lo con- 
sider the molten Btaie of a planet as the result of the mechan- 
ical union of cosmical naasscs, and thua derive the radiation 
of the sun and the heat in the bowels of the earth from a 
common origin. 

The rotatory effect of the earth also may be readily ex- 
plained by the collision of its constituent parts ; and we must 
accordingly subtract the vis viva of the axial rotation from 
the whole effect of the collision and mechanical combination, 
in order to obtain the quantity of heat generated. The rota- 
tory effect, however, is oniy a small quantity in comparison 
with the interior heat of the earth. It amounts to about 
i400xT kilograrumetre?, T bemg the weight of the earth in 
kilogrammes, which is equivalent to 12xT units of heat, if 
we assume the density of the earth to be uniform throughout. 

If we imagine the moon in the course of time, either in 
consequence of the action of a resisting mediiun or from 
some other cause, to unite herself with our earth, two princi- 
pal effects are to be discerned. A result of the collision 
would be, that the whole mass of the moon and-the cold crust 
of the earth would bo raised some thousands of degrees in 
temperature, and consequently the surface of- the earth would 
be converted into a fiery ocean. At the same time the velo- 
city of the earth's axial rotation would be somewhat acceler- 
ated, and the position of its axis with regard to the heavens, 
and to its own surface, slightly altered. K the earth had 
been a cold Body without axial rotation, the process of its 
combining with the moon would have imparted to it both 
heat and rotation. 

It is probable that such processes of combination between 
different parts of our globe may have repeatedly happened 
before the earth attained its present magnitude, and that lux- 
mriant vegetation may have at different times been buried un- 
der thn fiery debris resulting from the conflict of these masses. 
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As long as the surface of our globe was in an incandos- 
cent state, it must have lost heat at a very rapid rat« ; grad- 
ually this process became slower ; and although it has not yet 
entirely ceased, the rate of cooling must have diminished to a 
comparatively small magnitude. 

Two phenomena ore caused by the cooling of the earth, 
which, on account of their common origin, are intimately re- 
lated. The decrease of temperature, and consequent contrac- 
tion of the earth's crust, must have caused frequent distur- 
bances and revolutions on its surface, accompanied by the 
ejection of molten masses and the formation of protuberances ; 
on the other hand, according to the laws of mechanics, the 
velocity of rotation must have increased with the diminution 
of the volnrac of the sphere, or, in other words, the cooling 
of the earth must have shortened the length of the day. 

As the intensity of such disturbances and the velocity of 
rotation are closely connected, it is clear that the youth of our 
planet must have been distinguished by continual violent 
transformations of its crust, and a perceptiJ le acceleration of 
the velocity of its asial rotation ; whilst in the present tuno 
the metamorphoses of its surface are much slower, and the 
acceleration' of its axial revolution diminished to a verj small 
amount. 

If we imagine (lie times when the Alps the (ham of tl r 
Andes, and the Peak of Teneriffe were upheaved from the 
deep, and compare with such changes the earthquakes and 
volcanic eruptions of historic times, we perceive in these 
modern transformations but weak images of the analogous 
processes of bygone ages. 

"Whilst we are surrounded on ever\ side bj the mouu 
ments of violent volcanic convulsions, we possess no re ord 
of the velocity of the axial rotation of our plan t in antedi- 
luvian times. It is of the greatest importance that we should 
have an exact knowledge of a change in this velocity, or in 
tlie length of the day durkig historic times. The inve-stiga 
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tion of this subject by tlie great Laplace forms a bright moo- 
ninent in the department of exa«t science. 

These ealcnlatioDS are essentially conducted in the follow- 
ing manner : — In the first place, the time between two eclipses 
of the sun, -widely apart from each other, is as accurately 
as possible expressed in days, and from thia the ratio of the 
time of the earth's rotation to the mean time of the mgon's 
revolution determined. If, DOW, the obseryafions of ancient 
astronomerft be compared with those of oar present time, the 
least alfcration in tte absohite length of a day may be de- 
tected by a change in this ratio, or in a disturbaiiee in the 
lunar revolution. The most perfect agreement of ancient rec- 
ords on the mOTCmenta of the moon iind the planets, on the 
eclipses of the sun, &c., revealed to Laplace the remarkable 
fact that in the course of 25 centuries, the time in which our 
earth revolves on its asis baa not altered ^th part of a sexa- 
gesimal second ; and the length of a day therefore may be 
considered to have been constant during historic times. 

This result, as important as it was convenient for astron- 
omy, was nevertheless of a nature to create some difficulties 
for the physicist. With apparently good reason it was con- 
cluded that, if tlie velocity of rotation had remained constant, 
the volume of the earth could have undergone no change. 
The earth completes one revolution on its asis in 86,-100 si- 
dereal seconds j it consequently appears, if thia time has not 
altered during 2500 years to tlio extent of j^th of a second, 
or 43jBi>i5 th part of a day, that during this long space of time 
(be radius of the earth also cannot have altered more tlian 
this fraction of its length. The earth's radius measures 
6,360,800 metres, and therefore its length ought not to have 
diminished more than 15 centimetres in 25 ccntiwies. 

•The diminution in volume, as a result of the cooling-pro- 
cess, is, however, closely connected with the changes on the 
earth's surface. When we consider that scarcely a day 
passes without the occurrence of an earthquake or shock io 
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one place or anotter, and that of tlie 800 active rolcanoa 
some are always in action, it would appear that such a lively 
reaction of the interior of the earth againet the eniflt is in- 
compatible with the constancy of its volume. 

This apparent discrepancy between Cordier's theory of the 
connexion between the cooling of the earth and the reaction 
of the interior on the exterior parts, and Laplace's calcula- 
tion showing the constancy of the length of the day, a calcu- 
lation which 13 undoubtedly correct, has induced most scien- 
tific men to abandon Cordier's theory, and thus to deprive 
■ themselves of any tenable explaiiation of volcanic activity. 

The continued cooling of the earth cannot be denied, for 
it takes place according to the laws of nature ; in this respect 
the earth cannot comport itself differently from any other 
mass, however small it may be. In spite of the heat which 
it receives from the sun, the earth will have a tendency to 
cool so long as the temperature of its interior is higher than 
the mean temperature of its surface. Between the tropics the 
mean temperature produced by the aun is about 28°, aad the 
sun therefore is as little able to stop the cooUag-tendency of 
the earth as the moderate warmth of the air can prevent the 
cooling of a red-hot ball suspended in a room. 

Many phenomena, for instance the melting of the glaciers 
near the bed on which they rest, show the uninterrupted 
emission of heat from the interior towards the exterior of the 
earth ; and the question is. Has the earth in 25 centuries 
actually lost no more heat than that which is requisite to 
shorten a radius of more than 6 millions of metres only 15 
centimetres ? 

In answering this question, three points enter into oar 
calculation ; — (1) the absolute amount of heat lost 1^ the 
earth in a certain time, say tine day ; (2) the earth's capacity 
for heat ; and (3) the coefficient of expansion of the muss of 
the earth. 

As none of these quantities can be determined by direct 
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measurements, we are obliged to content ourselves ■witli prob- 
able estimates ; ttese estimates will carry tlie more weight 
the less they are formed in favour of some preconceived opio- 

Conaidering what is known about the expansion and con- 
traction of solids and liquids by heat and coJd, we arrive at 
the conclusion that for a diminution of 1° in temperature, 
the lmed.r contraction of the earth cannot well be less than 
,-~th part, a number which we all the more readily adopt 
hecanse it has been used by Laplace, Arago, and others. 

If we compare the capacity for heat of all solid and liquid 
bodies which have been examined, we find that, both as re- 
gard'* volume and weight, the capacity of water is Jbe great- 
est. Even the gases come under this rule ; hydrogen, how- 
ever, forms an exception, it having the greatest capacity for 
heat of all bodies when compared with an equal weight of 
water. In order not to tafee the capacity for heat of the mass 
of the earth too small, we shall consider It to be eqxial to that 
of its volume of water, which, when calculated for equal 
weights, amounts to O'lSi.* 

If we accept Laplace's result, that the length of a day has 
remained constant during the last 2500 years, and conclude 

* The capacity for heal, aa well as the coefficient of espansion of mat- 
ter, as a rule, increases at higher temperatures. As, however, these two 
quantises act in oppoate waja in oub colculalJons, we may bo allowed to 
diapcnae with the influence which the high temperature of the interior of 
the earth must eiercise on these numbers. Even i^ m eonac<iuence of 
the high temperature of the interior, the earlL's mass could have a, capa- 
city two or three times as great aa that wliich it has from 0° to 100°, it 
ia to be conaidered, on the other hand, that the coefficient of cspansion, 
_ ijj.,, oHly holda good for solids, auil is even small for them, whilst in 
the CMe of liquids we have to assume a much greater coefficient : former- 
cury between 0° and 100°, it is about sis times as great. Especially great 
ia the contraction and expansion of bodies when they change their slalo 
of aggregation; and this should be taken into accomit when considering 
the formation of the earth's crust. 
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that the earth's radius has not diminished 1^ decimetre in 
consequence of cooling, we are obliged to assume, according 
to the premises stated, that the mean temperature of onr 
planet cannot have decreased ^° in the same period of time. 

The volume of the earth amounts to 2650 millions of cu- 
bic miles. A loss of heat sufficient to cool this mass j^" 
would be equal to the ieat given off when the temperature 
of 6,150,000 cubic miles of water decreases 1° ; hence the 
loss for one day would be equal to 6'74 cubic miles of heat. 

Fourier has investigated the loss of heat sustained by the 
earth. Taking the observation that the temperature of thfe 
earth increases at tiie rate of 1° for every 30 metres as the 
basis of his calculations, this celebrated mathematician finds 
the heat which the globe loses by conduction through its crust 
in the space of 100 years to be capable of melting a layer of 
ice 3 metres in thickness and covering the whole surface of 
the globe ; this corresponds in one day to 7-7 cubic miles ot 
heat, and in 2500 years to a decrease of 17 centimetres in 
the length of the radius. 

According to this, the cooling of the globe would be suffi- 
ciently great to require attention when the earth's velocity of 
rotation is considered. 

At the same time it is clear that the method employed by 
Fourier can only bring to our knowledge one part of the heat 
which is annnally lost by the earth ; for simple conduction 
through terra firma is not the only way by which heat escajws 
from our globe. 

In the first place, we may make mention of the aqueous 
deposits of our atmosphere, which, as far as they penetrate 
our earth, wash away, so to speak, a portion of the heat, and 
thus accelerate the cooling of the globe. The whole quantity 
of wat«r which falls from the atmosphere upon the land in 
one day, however, cannot be assumed to be much more than 
half a cubic mile in volume, hence the cooling effect produced 
by this water may be neglected in our calculation. The heat 
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carried off by all the thermal springs in the world is very 
small in comparison ■with (he quantities which wo have to 
consider here. 

Much more important is the effect produced by active vol- 
canos. As the heat which accompanies the molten matter to 
the surface is derived from the store in the interior of the 
eartli, their action mast influeace considerably the diminution 
of the earth's heat. And we have not only to consider here 
actual eruptions which take place in succession or simulta- 
neously at different parts of the earth's surface, but also vol- 
6anos in a quiescent state, which continually radiate large 
quantities of heat abstracted from tlic interior of the globe. 
If we compare the earth to an animal body, we may regard 
each volcano as a place where the epidermis has been torn 
off, leaving the interior exposed, and thus opening a door for 
the escape of heat. 

Of the whole of the heat which pis^ts awav through 
these numerous outlets, too low an estimate muit net be 
made. To have some basis for the estmiatiun of this los*!, 
we have to recollect that in 1783 Skaptar-Jokul, % volcano m 
Iceland, emitted suffiLient liva in the space of six weeks to 
cover 60 square miles of country to an avera^fe depth ot 200 
metres, or, m other words, about IJ cubic nulta of lava 
The tmount of heat lost by this one eruption of one volcano 
must, ■nhen the high tempeiature of the lava is considered, 
be estimated to he more than 1000 cubic miles of heat ; and 
the whole loss resultinjf from the action of all the volcanos 
amounts, therefore, m all probability, to thousands of cubic 
miles ol heat per annum This Jatler number, when added 
to Fourier's result, produces a sum which evidently does not 
agree with the assumption that the volume of our earth has 
remained unchanged. 

In the investigation of the cooling of our glohe, the influ- 
ence of the water of the ocean has to be taken into account, 
Fourier's oaleulations are based on the observations of the in- 
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crease of the temperature of the crust of oiir earth, from Iho 
surface towards the centre. But two-thirds of the surface of 
our globe are covered with water, and we cannot assume d 
prion that this large area loses heat at the same rate as the 
solid parts ; oa th.e contrary, various circumstances indicate 
that the cooling of our globe proceeds more quickly through 
the waters of the ocean resting on it than from the solid parts 
merely ia coatact with the atmosphere. 

la the first place, we have to remark that the bottom of 
the ocean is, generally speakiag, nearer to the store of heat 
ia the interior of the earth thaa tlie dry laad is, and hence 
that the temperature increases most probably in a greater 
ratio from the bottom of the sea towards the interior of the 
globe, than it does in our observations on the land. Sec- 
ondly, we have to coasidcr that the whole bottom of the sea 
is covered by a layer of iee-cold'watcr, which moves coa- 
stantly from tlio poles to the equator, and which, ia its pas- 
sage over saad-banks, causes, as Humboldt aptly remarks, 
the low temperatures which are generally observed in shallow 
places. That the water near the bottom of the sea, oa ac- 
connt of its great specific heat and its low temperature, is 
better fitted than the atmosphere to withdraw the heat from 
the earth, is a point which requires ao farther discussion. 

We have plenty of observations which prove that the 
earth suffers a great loss of heat through the waters of the 
oceaa. Maay investigations have demonstrated the existence 
of a large expanse of sea, much visited by whalers, situated 
between Iceland, Greenland, Norway, and Spitzbergea, aad 
extending from lat. 76° to 80° N., and from long. 15'' E. to 
15° W. of Grcoawich, where the temperature was observed 
to be higher in the deeper water than near the surface — an 
experience which neither accords with the general rule, nor 
agrees with the laws of hydrostatics, Franklin observed, in 
lat. 77° N. and long. 12° E., that the temperature of the sea 
near the surface was — J", aad at a depth of 700 fathoms 
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+5°. Fiaher, in lat. 80° W. and long, ll'' E., noticed that 
the surface-water had a temperature of 0^, whilst at a depth 
of liO fathoms it stood at+8'. 

As sea-water, unlike pure water, does not possess a point 
of greatest density at some distance above the freezing-point, 
and as the water in lat. 80" N". is found atsome depth to be 
wanner than water at the same depth 10'' southward, we can 
only explain this remartable phenomenon of an increase of 
terQjMjrature with an increase of depth by the existence of a 
source of heat at the bottom of the sea. The heat, howcYcr, 
which is required to warm the water at the bottom of an ex- 
panse of ocean more than 1000 square nules in extent to a 
sensible degree, must amount, according to the lowest esti- 
mate, to some cubic miles of heat a day. 

The same phenomenon has been observed in other parts 
of the world, such aa the west coast of Australia, the Adri- 
atic, the Iiago Maggiore, &c. Especial mention should here 
be made of an observation by Horner, according to whom the 
lead, when hauled up from a depth varying from 80 to 100 
fathoms in the mighty Gulf-atream off the coast of America, 
used to be hotter than boiling water. 

The facts above mentioned, and some others which might 
bo added, clearly show that the loss of heaf suffered by our 
globe during the last 2500 years is far too great to have been 
without sensible effect on the velocity of the earth's rotation. 
The reason why, in spite of this accelerating cause, tlio length 
of a day has nevertheless remained constant since the most 
ancient times, must be attributed to an opposite retarding ac- 
tion. This consists in the attraction of the sun and moon on 
the liquid parts of the earth's surface, as explained in the 
last chapter- 
According to the calculations of the last chapter, the re- 
tarding pressure of the tides against the earth's rotation 
would cause, during the lapse of 2500 years, a sidereal day 
to be lengthened to tlie extent of ysth of a second ; as the 
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length of a day, howcYer, has remained constant, the cooling 
effect of the earth dnring the aame period of time must have 
shortened the day feth of a second. A diminution of the 
earth's radiua to the amount of ij metres in 2500 yeara, and 
a daily loss of 200 cubic miles of heat, correspond to this 
effect. Hence, in the course of the last 25 centuries, the 
temperature of the whole mass of the earth must have de- 
creased f,°. 

The not inconsiderable contraction of the earth resulting 
from such a loss of heat, agrees with the continual transfor- 
mations of the earth's surface by earthquakes and volcanic 
eruptions ; and we agree with Cordier, the industrious ob- 
server of volcanic processes, in considering these phenomena 
a necessary consequence of the continual cooHng of an earth 
which is still in a molten state in its interior. 

When our earth was in its youth, its velocity of rotation 
must have increased to a very sensible degree, on account of 
the rapid cooling of its then very hot mass. This accelera- 
ting cause gradually diminished, and as the retarding pressure 
of the tidal wave remains nearly constant, the latter must 
finally preponderate, and the velocity of rotation therefore 
continually decrease. Between these two states we have a 
period of equilibrium, a period when the influence of the 
cooling and that of the tidal pressure counterbalance each 
other ; the whole life of the earth therefore may be divided 
into three periods — youth with increasing, middle age with 
uniform, and old age with decreaaing velocity of rotation. 

The time during which the two opposed influences on the 
rotation of the earth are in equilibrium can, strictly speak- 
ing, only be very short, inasmuch as in one moment the cool- 
in", and in the nest moment the pressure of the tides must 
prevail. In a physical sense, however, when measured by 
human standards, the influence of the cooling, and still more 
BO that of the tidal wave, may for ages be considered con- 
stant, and there must consequently exist a period of many 
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thousand years' duration during which these counteracting 
influences will appear to be equal. Wifhin Ihia period a si- 
dereal day attains its shortest length, and the velocity of the 
earth's rotation its maximum — circumstances which, accord- 
ing to mathematical analysis, would tend to lengthen the du- 
ration of this period of the earth's existcace. 

The historical times of mankind arc, according to La- 
place's calculation, to he placed in this period. "Wliether we 
are at the present moment still near its commencement, its 
middle, or are approaching its conclusion, is a question which 
cannot be solyed by our present data, and must bo left to fu- 
ture generations. 

The continual cooling of the earth cannot be without an 
influence on the temperature of its surface, and consequently 
on the climate ; scientific men, led by Bufibn, in fact, have 
advanced the supposition that the loss of heat sustained by 
our globe must at some time render it an unfit habitation for 
oi^anic life. Such an apprehension has evidently no founda- 
tion, for the warmth of the earth's surface is even now much 
more dependent on the rays of the sun than on the heat which 
reaches us from the interior. According to Pouillct's meas- 
nrements, mentioned in Chapter III., the earth receives 8000 
cubic miles of heat a day from the sun, whereas the heat 
. which reaches the surface from the earth's interior may be 
estimated at 200 cubic miles per diem. The heat therefore 
obtained from tlie latter source every day is hut small in com- 
parison to the diurnal heat received from the sun. 

If we imagine the solar radiation to be constant, and the 
heat we receive from the store in the interior of the earth to 
he cut off, we should have as a consequence various changes 
in the physical constitution of the surface of our globe. The 
temperature of hot springs would gradually sink down to the 
mean temperature of the earth's crust, volcanic eruptions 
would cease, earthquakes would no longer be felt, and the 
temperature of the water of the ocean would be sensibly ol 
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t«red la many places — circumstaucefl which would doubtless 
affect the climate ia many parts of the world. Especially it 
may be presumed lliat Wcstcm Europe, with ita present fa^ 
vourablc climate, would become colder, and tlius perhaps the 
seat of the power and culture of our race transferred to the 
milder parts of North America. 

Be this aa it may, for thousands of years to come we can 
predict no diminution of the temperature of the surface of 
our globe as a consequence of the cooling of its interior mass : 
and, as far as historic records teach, the climates, tlie tempe- 
ratures of thermal springs, and the intensity and frequency 
of volcanic eruptions are now the same as they were in the 
far past.' 

It was different in prehistoric times, when for centmies 
the eai1h.'s surface was heated by intcraal flre, when mam- 
moths lived in the now uninhabitable polar regions; and when 
the tree-ferns and the tropical shell-fish whose fossil r 
are now especially preserved in the eoal-formatio 
home in all parts of the world. 
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XII. 
THE MECHANICAL EQUIVALENT OP HEAT 



THE vast and naagniticcnt structure of the experimental 
sciences hag been erected on only a few pillars. His- 
tory teacEes us that the searching spirit of man required 
thousands of years far the discovery of the faadamental prin- 
ciples of the sciences, on which the superstructure waa then 
raised in a comparatively short time. But these very funda- 
mental propositions are nevertheless so clear and simple, that 
the discovery of them reminds us, in more than one respect, 
of Columbus's egg. 

But if, now that we are at last in possession of the truth, 
we speak of a method by the application of which the most 
essential fundamental laws might have been discovered witli- 
out waste of time, it is not that wo would criticize in any light 
spirit the efforts and achievementB of our forerunners : it is 
mei-ely with the object of laying before the reader in an ad- 
vantageous form one of the additions to our knowledge which 
recent times have brought forth. 

The most important — not to say the only — rule for the 
genume investigation of nature is, to remain firm in the con- 
viction that the problem before us is to leam to hwv; phenom- 
ena, before seeking for explanations or inquiring after higher 
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cause's. As soon as a fact is once known in all its relatioas, 
it is therein explained, and the problem of science is at an 
end. 

Notwithstanding that some may pronounce thia a trite 
assertion, and no matter how many arguments others may 
bring to oppose it, it remains none the less certain that this 
primary rule has heen too often disregarded even up to th( 
moat modern times ; while all the speculative operations of 
even the most highly giited minds which, instead of taking 
firm hold of facts as such, have striven to rise ahove them, 
have as yet borne but barren fruit. 

We shall not here discuss the modem naturalistic philoso- 
phy (Haturphilosophie) ftirtlier than to say that its character 
is already sufficiently apparent from the ephemeral existence 
of its offspring. But even the greatest and most meritorious 
of the naturalisffl of antiquity, in order to explain, for exam- 
ple, the properties of the lever, took refuge in the assertion 
that a circle is such a marvellous thing that no wonder if mo- 
tions, taking place in a circle, offer also in their turn most 
unusual phenomena. If Aristollo, instead of straining his 
eKtraordinary powers in meditations upon the fixed point and 
advancing line, as he calls the circle, had investigated the 
numerical relations subsisting between the length of the arm 
of the lever and the pressure exerted, he would have laid the 
foundation of an important part of human knowledge. 

Such mistakes, committod as they were, in accordance 
with the spirit of those times, even by a man whose many 
positive services constitute his everlasting memorial, may 
serve to point us in the opposite road which leads us surely 
to the goal. But if, even by the most correct method of in- 
vestigation, nothing can be attained without toil and iodustry, 
the cause is to be sought in that divine order of the world 
according to which man is made to labour. But it is certain 
that already immeasurably more means and more toil have 
been sacrificed to error than were needed for the discovery of 
the truth. 
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The rule which must he followed, in order to lay the foun- 
dations of a knowledge of nature ia the shortest conceiTable 
time, may be comprised in a few words. The natural phe- 
nomena with whicli we come into most immediate contact, 
and which arc of most frequent occurrence, must be subjected 
to a careful examination by means of the organs of sense, . 
and this examination must be continued until it results in 
quantitative determinations wliich admit of being expressed 
by nuriJiers. 

These numbers are ike required foundations of an exact 
investigation of nature. 

Among all natural operations, the free fall of a weight is 
the most frequent, the simplest, and — witness Newton's apple 
— at the same time the most important. "When this process 
ia analysed in the way that has been mentioned, we imme- 
diately see that the weight strikes against the ground the 
harder the greater the height from which it has fallen ; and 
tiie problem now consists in the determination of (he quanti- 
fative relations subsisting between the height from which the 
weight falls, the time occupied by it in its descent, and its 
final velocity, and in expressing these relations by definite 
numhers. 

In carrying out this experimental investigation, ■( arious 
difficulties have to be . contended with ; hut these must and 
can he overcome ; and then the truth is arrived at, that for 
every body a fall of sixteen feet, or a time of descent of one 
second, corresponds to a final velocity of thirty-two feet per 
second. 

A second phenomenon of daily occurrence, which is in 
apparent contradiction to the laws of falling bodies, is the 
ascent of liquids in tubes by suction. Here, again, the rule 
applies, not to allow the maxim, vella rerwm cogrtoscere causas, 
to lead us into error through useless and therefore hamaful 
Bpeeulations concerning the qualities of the vacuum, and the 
like ; on tho contrary, we must again examine the phenome- 
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non with attentioa and awakened senses ; and then we find, 
as soon as wo put & tube to the mouth to raise a liquid, that 
tie operation is at first quite easy, but that afterwards it re- 
quires an amount of exertion -which rapidly increases as the 
columa of liquid becomes higher. la there, perchance, an 
ascertainable limit to the action of suction? As soon as we 
once begin to experiment in this directiou, it can no longer 
escape us that there is a barometric height, and that it attains 
to about thirty inches. This number is a second chief pillar 
in the edifice of hmnan knowledge. 

Question now follows question, and answer, answer. We 
have learned that the pressure exerted by a column of fluid is 
proportional to its height and to tho specific gravity of the 
fluid ; wo have thus determined the specific gravity of the at^ 
mosphere, and by this inveatigation we are led to carry up 
our measuring-instrument, the barometer, from the plain to 
the mountains, and to express numerically the effect produced 
by elevation above tlie sea^level upon the height of the mer- 
cury-column. Such experiments suggest the question, Whether 
the laws of falling bodies, with which we have become 
acquainted at the surface of the earth, do not likewise un- 
dergo modification at greater distances from the ground. 
And if, as d priori we cannot but expect, this should be really 
the case, the further question arises, In what manner is the 
number already found modified by distance from the earth? 
We have thus come upon a problem the solution of which is 
attended with many difficulties ; for what has now to be ac- 
complished, is to make observations and carry out measure- 
ments in places where no human foot can tread. History, 
however, teaches that the same man who put the question 
was also able to furnish tho answer. Truly he could do so 
only through a rich treasure of astronomical knowledge. But 
how is this knowledge to be attained by us ? 

Astronomy is, without question, even in its first principles, 
Jie most difficult of all sciences. We have here to deal with 
16 
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objects and spaeea -which forbid all thought of esperiment, 
■while at the same time the motions of the innumerable heav- 
enly bodies are of so complicated a kind, that astronomical 
science, in its stately unfolding, is rightly considered the high- 
est triumph whereof human intellect here bi-low ia able to 
boast. 

In accordance with the natural rule that, both in particu- 
lars and in general, man has to begin with that which is 
easiePt and then to advance step by step to what is more diffi- 
cult, it might well be supposed that astronomy must have ar- 
rived at a flourishing state of development later than any 
other branch of human knowledge. But it is well known that 
in reality the direct opposite was the ease, inasmuch as it was 
precisely in astronomy, and in no other branch, that the ear- 
liest peoples attained to really sound knowledge, It may, 
indeed, be asserted that the science of the heavenly bodies 
had in antiquity reached as high a degree of perfection as the 
complete want of all the auxiliary sciences rendered possible. 

This early occurrence of a vigorous development of as- 
tronomy, which, indeed, was a necessary forerunner of the 
other sciences, since it alone furnished the necessary data for 
the measurement of time, is observable among the most va- 
rious races of mankind : the reason of it, moreover, lies in 
the nature of things, and in the constitution of the human 
mind. It furnishes a remarkable proof that a right method 
is the most important condition for the successful prosecution 
of scientific inquiry. 

The explanation of this phenomenon lies in the fact that 
the need which was felt at a very early period, of a common 
standard for the computation of time, made it necessary to 
institute observations such that their I'eaults required to be 
Bxpressed by definite numbers. There was a felt necessity of 
determining the time in which the sun accomplishes his cir- 
cuit through the heavens, as well as the time in which the 
moon goes through her phases, and other similar questions. 
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Iq order to meet' this necessity, there was no temptation to 
take np the Book of Nature, after the manner of expositors 
and critics, merely (o cover it with glosses : 

" Hit eitier Eede wirJ hier nichta geschafft." 

It was numhera that were sought, and numbers that were 
found. The overpowering force of cireumstancea constiained 
the spirit of inquiry into the right path, and therein led it at 
once from success to success. 

Now that after long-continued, accurate, and fortunate 
observations the needful knowledge of the courses and dis- 
tances of the nearest heavenly bodies, as well as of the figure 
and size of the earth, has been acquired, we are in a position 
to treat the question, "What is the numerical influence exerted 
by increased distance from the earth upon the known laws of 
falling bodies? and wo thus arrive at the pregnant discovery 
that, at a height equal to the earth's semidiameter, the dis- 
■ tance (alien through and the final velocity, for the first second, 
is four tiunes less than on the surface of the earth. 

In order to pursue our inquiry, let us now return to the 
objects which immediately surround us. From the earliest 
times, the phenomena of combustion must have claimed in an 
especial degree the attention of mankind. In order to fto 
^lain them, the ancients, in accordance with the method of 
their naturalistic philosophy, put forward a peculiar upward- 
striving element of Fire, which in conjunelion with, and in 
opposition to. Air, Water, and Earth, constituted all that ex- 
isted. The necessary consequence of this theory, which they 
discussed with the most acute sagacity, was, that in regard to 
the phenomena in question and all that related to them, they 
remained in complete ignorance. 

Here, again, it is quantitative determinations, it is num- 
bers alone, which put the Ariadne's clue in our hand. If wo 
want to know what goes on during the phenomena of com- 
Dustioo, we must v:eigh the substances before and after they 
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are burned ; and tere the knowledge wo bave aJready ac- 
quired of the weight of gaseous bodies comes to our aid. 
We then find that, in every case of combustion, substaucea 
which previously existed in a separate state enter into an inti 
mate union with eacli other, and that the total weight of the 
substances remains the same both before and after the combi- 
nation. Wo thus come to know the different bodies in their 
separate and in their combined states, and learn how to trans- 
form them from one of these states into the other ; we learn, 
for instance, that water is composed of two kinds of air which 
combine with each other in the proportion of 1:8. An en- 
trance info chemical science is tJma opened to us, and the nu- 
merical laws which regulate the combinations of matter (die 
SWcUometrie) hang like ripe fruit before us. 

As we proceed fm^lier in our iuYestigationa, wo find that 
in ail chemical operations — combinations as well as decompo- 
sitions — changes of temperature occur, which, according to 
tho varying circumstances of different cases, are of all de- 
grees of intensity, from the most violent heat downwards. 
Wo have measured quantitatively the heat developed, or 
counted the number of heat-units, and Lave so come into poa- 
sessioQ of the law of the evolution of heat in chemical pro- 

We have long known, however, that in innumerable cases 
beat makes its appearance where no chemical action is going 
on ; for instance, whenever there is friction, when imelasfic 
bodies strike one another, and when aSriform bodies are com- 
pressed. 

What then takes flarx when heat is evolved in such ways 
as (7iese 9 

We are taught by history that in tbis case also the most 
aa''acious hypotheses concerning the state and nature of a 
peculiar "matter" of heat, concerning a "thermal rether," 
whether at rest or in a state of vibration, concerning " ther- 
mal atoms," supposed to exercise their functions in Oie inter- 
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Btices between the material atoms, or other bypothesos of like 
nature, have Bot avaDed to solve the problem. It is, notwith- 
atanding, of ao leas wonderfully aimple a nature than the laws 
of the lever, about which tJie founder of tha peripatetic phi 
losophy cudgelled his brains in vain. 

Alter what has gone before, the reader cannot be in any 
doubt about what is the course cow to be pursued. We must 
again make quantitative determinations : we must measure 
and connt. 

If we proceed in this direction aud measure the quantity 
of heat developed by mechanical agency, as well as the 
amount of force used up in producing it, and compare these 
quantities with each other, we at once find that they stand to 
each other in the simplest conceivable relation — ^tbat is to say, 
in an invariable direct proportion, and that the proportion also 
holds when, inversely, mechanical force is again produced by 
the aid of heat. 

Ti^tling these facts into brief and plain language, we may 
.3ay, 

Beat and motion are transformable one into the other. 

We cannot and ought not, however, to let this suffice us. 
We require to know how much mechanical force is needed for 
the production of a given amount of heat, and conversely. 
In other words, the law of the invariable quantitative relation 
between motion and heat must be expressed numerically. 

When we appeal hereupon to experiment, we find that 
raising the temperature of a given weight of water one degree 
Df the Centigrade scale corresponds to the elevation of an 
equal weight to the height of about 1,200 [French] feet. 

TUs number is the Mechanical Eqttivamint of Heat. 

The production of heat by friction and otiier mechanical 
jperations is a fundamental fact of such constant occurrence, 
that the importance of its establishment on a scientific basis 
wiU be recognized by naturalists without any preliminary 
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enumeration of its useful applications ; and, for the sama 
reason, a few historical remarks touching tlie Gircumstancea 
attending the discovery of the foregoing fundamental law, 
will not be out of place here. 

In the summer of 1840, on the occasion of bleeding Eu- 
ropeans newly arrived in Java, I made the observation that 
the blood drawn from the vein of the arm possessed, almost 
without exception, a surprisingly bright red colour. 

This phenomenon riveted my earnest attenlion. Starting 
from Lavoisier's theory, according to which animal heat is 
the result of a process of combustion, I regarded the twofold 
change of colour which the blood undergoes in the capillaries 
as a sensible sign — as the visible indication — of an oxidation 
going on in tlie blood. In order that, the human body may 
be kept at a uniform temperature, the development of heat 
within it must bear a quantitative relation to the heat which 
it loses — a relation, that is, to the temperature of the sur- 
rounding medium; and hence both the production of heat 
and the process of oxidation, as well as the difference in col- 
our of the two kinds of blood, must be on the whole less in 
the torrid zones than in colder regions. 

In accordance with this theory, and having regard to the 
known physiological facts which bear Tipon the question, the 
blood must be regarded as a fermenting liquid undergoing 
slow combustion, whose most important function — that is, 
sustaining the process of combustion — is fulfilled without the 
constituents of the blood (with the exception, that is, of the 
products of decomposition) leaving the cavities of the blood- 
vessels or coming into sach relation with the organs that an 
interchange of matter can take place. This may be Ihns 
stated in other words ; by far the greater part of the assimi- 
lated food is burned in the cavities of the bI6od-vesscls them- 
selves, for the purpose of producing a physical effect, and a 
comparatively small quantity only serves the less important 
end of ultimately ectering the substance of the organs them- 
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Belves, so as to occasion growth aad the renewal of the worn- 
out solid parts. 

If hence it follows that a general balance must be struck 
in the organism between receipts and expenditure, or betweeo 
work done and wear and tear, it is unmistakably one of the 
most important problems with which the physiologist has to 
deal, to make himself as thoroughly acquainted as it is possi- 
ble for him to be with the budget of the object of his exami- 
nation. The wear and tear consists in the amount of matter 
cousumcci ; the work done is the evolution of heat. Thia 
latter effect, however, is of two kinds, inasmuch as the ani- 
mal body evolves heat on the oae hand directly m its own 
interior, and distributes it by communication to the objects 
immediately surrounding it; while, on the other hand, it 
possesses, through its organs of motion, the power of produc- 
ing heat mechanically by friction or in similar ways, even at 
distant points. We now require to know 

Whether the heat directly evolved is alone to be laid to (he 
account of the jwoeess of cowhudion, or whether it is the sum 
of the heat evolved both directly and indirectly that it is to he 
taien into calcalation. 

This is a question that touches the very foundations of sci- 
ence ; and unless it receives a trustworthy answer, the healthy 
development of the doctrine concerned is not possible. For 
it has been already shown, by yarioue examples, what are 
the consequences of neglecting primary quantitative detei-mi- 
nations. No wit of man is able to furnish a substitute for 
what natvu'e offers. 

The physiological theory of combustion starts from the 
fundamental proposition, that the quantity of heat which ro- 
eulfs from the combustion of a given substance is invwriahle — 
that is, that its amount is uninfluenced by the circumstances 
which accompany the combustion ; whence we infer, " in spe- 
cie" that the chemical effect of combustible matter can un- 
dergo no alteration in amount even by the vital process, oi 
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that the living organisni, with all its riddles and marvels, can- 
Qot create heat out of nothing. 

Bat if we hold firm to this physiological axiom, the an 
swer to the quesfioa slarted ahove is already given. For, 
unless we wish to attribute again to the organisni the power 
of creating heat which has just been deined to it, it cannot he 
assumed that the heat which it produces can ever amount to 
more than the chemical action which takes place. On the 
combustion-theory there is, then, no alternative, short of sa- 
crificing the theory itself, hut to admit that the total amount 
of heat evolved hy the organiami partly directly, and partly 
indirectly by mechanical action, corresponds quantitatively, 
or is equal to the amount of combustion. 

Hence it follows, no less inevitably, that the heat produced 
TWichanicolly hy the organism Tnvst hear an iiivariahle guanlita- 
tive relation to the work expended in producing it. 

For if, according to the varying construction of the me- 
chanical arrangements which serve for the development of 
the heat, the same amount of work, and hence the same 
amount of organic combustion, could produce varying quanti- 
ties of heat, the quantity of heat produced from one and the 
same expenditure of material would come out smaller at one 
time and larger at another, which is contrary to our assump- 
tion. Further, inasmuch as there is no difference in kind be- 
tween the mechanical performances of the ^imal body and 
those of other inorganic sources of work, it follows that 

AN INTAEIABLE QUANTITATIVE BELATION BETWEEN HEAT 
AND WORK IS A POSTULATE OF THE PHTSIOLOGICAL THEOIty 
OF COHBCSTION. 

While following in general the direction indicated, it was 
accordingly needful for me in the end to fix my attention 
chiefly on the physical connection subsisting between motion 
and heat ; and it was thus impossible for the existence of the 
mechanical equivalent of heat to remain hidden from me. 
But, although I have to thank an accident for this discovery, 
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it is none the less my own, and I do not hesitate to assert my 
right of priority. 

In order to euaure what had been thusdiscoTered against 
casualties, I put together the most important points in a short 
paper which I sent in the spring of 1842 to Liebig, with 8 
request that he ■would insert it in the Annalen der Chemie und 
Pharmade, in the forty-second volume of which, page 233, it 
may be found under the title " Bcmerkungea tiber die Krafte 
der unbelebten Natur," 

It was a fortunate circumstance for me that the reception 
^ven to my unpretending work by this man, giiled with so ■ 
deep an insight, at once secared for it an entrance into one of 
the first scientific organs, and I seize this opportunity of pub- 
licly tesfifying to the great naturalist my gratitude and my 
esf«ena. 

Liebig himself, however, had about the same time already 
pointed out, in more general but stiU unmistakable terms, the 
connection subsisting between heat and work. In particular, 
he asserts that the heat produced mechanically by a steam- 
engine is to be attributed solely to the effect of combustiou, 
which can never receive any increase through the fact of its 
producing mechanical effects, and, through these, again devel- 
oping heat. 

From these, and irom similar expressions of other scien- 
tific men, we may infer that science has recently entered upon 
a direction in which the existence of the mechanical equiva- 
lent of heat could not in any case have remained longer un- 
perceived. 

In the paper to which reference baa been made, the nat- 
ural law with which we are now concerned is referred back 
lo a few fundamental conceptions of the human mind. The 
proposition that a magnitude, which does not spring from 
nothing, cannot be annihilated, is so simple and clear that no 
valid argument can be urged against its truth, any more than 
Bgainst an axiom of geometry ; and until the contrary is 
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proved by Bome fact eatablialied Ijeyond a doubt, wc may ao 
cept it as true. 

Now wc are taught by experience, liat neither motion nor 
heat ever takea its rise except at the expense of some meas 
urable object, and that in inmimerable cases motion disap- 
pears without any thing except heat making its appearance. 
The axiom that we have established leads, then, now to the 
coacluaion that the motion that disappears becomes heat, or, 
in other words, that both objects bear to each other an inva- 
riable quantitative relation. The proof of this condusion by 
the metbod of experiment, the establishment of it in all its 
details, llie tracing of a complete harmony subsisting between 
the laws of thought and the objective world, is the most inter- 
esting, but at tJie same time tte moat comprehensive problem 
that it is possible to find. What I, with feeble powers and 
without any external support or encouragement, have effected 
in this direction is truly little enough; but — tiUm posse nemo 
obligatiis. 

In the paper referred to (the first of Mayer's in the pres- 
ent volume) I have thtis expressed myself with regard to the 
genetic connection of heat and moving force ! 

" If it be now considered as established that in many 
cases {exceptio confirmat regulam) no other effect of motion 
can he traced except heat, and that no other cause than motion 
can ho found for the heat that is produced, we prefer the as- 
samptioa that heat proceeds from motion, to the assumption 
of a cause without effect and of an effect without a cause — 
just as the chemist, instead of allowing oxygen and hydrogen 
to disappear without further investigation, and water to be 
produced in some inexplicable manner, establishes a connec- 
tion between oxygen and hydrogen on the one hand and water 
on the other." 

From this point there ia but one step to be made to the 
goal. At page 257 it is said : " The solution of the equa- 
tions subsisting between falling-force [that is, the raising of 
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weight] and motion requires that the space fallen through in 
a given time, e. g. the first second, should be experimentallj 
determined; in like manner, the solution of the equations 
subsisting between falling-force and motion on the one hand 
and heat on the other, requires an answer to the question, How 
great is the quantity of heat which corresponds to a given 
quantity of motion or falling-force? For instance, we mast 
ascertain how high a given weight requires to bo raised above 
the ground in order that its falling-force may he equivalent to 
the raising of tlie temperature of an equal weight of water 
&om 0° to 1° C. The attempt to show that such an equation 
is the expression of a physical truth may be regarded as the 
substance of the foregoing reroarks. 

" By applying the principles that have been set forth to 
the relations suhsisting between the temperature and the vol- 
ume of gases, we find that the sinking of a mercury column 
by which a gas is compressed is equivalent to the quantity of 
heat set fire by the compression ; and hence it follows, the 
ratio between the capacity for heat of air under constant press- 
ure and its capacity under constant volume being taken as 
— 1-421, that the warming of a given weight of water from 
0° to 1° C. corresponds to the fall of an equal weight from 
the height of about 365 metres." 

It is plain that tlie expression " equivalent" is here used 
in quite a different sense from what it bears in chemistry. 
The difference will be shown most distinctly hy an example. 
When the same weight of potash is neutralized, first, with 
sulphuric acid, then with nitric acid, the numbers which ex- 
press the ratio which the absolute weights of these three sub- 
stances hear to onj another are called their equivalents ; but 
there is no thought here either of the quantitative equality or 
of the transformation of the bodies in question. 

This peculiar signification which the word " equivalent' 
has acquired in chemistry, is doubtless connected with tha 
fact that the chemist has been able to determine the object of 



;d by Google 



330 THE MECnAKICAL EQtllVALEMT OF HEAT. 

his invcatigation by a common quantitative standard, tlieir ab- 
solute weights. Let us suppose, howeYer, that we could de- 
termine one body, for instance water, only by weight, and 
another, wafer-forming or explosive gas, only by volume, and 
that we had agreed to choose one poimd as the unit of weight, 
and one cubic foot as the unit of volume ; we should then have 
to ascertain how many cubic feet of explosive gas could be ob- 
tained from one pound of water, and conversely. This num 
ber, without which neither the formation nor the decomposi- 
tion of water coold bo made the subject of calculation, might 
then be suitably called " the expioaive-gas equivalent of wa- 
ter." 

In this latter sense a raised weight might, in accordance 
with the known laws of mechanics, be called the "equiva-' 
len^" of tlie motion resulting from its fall. Now, in order to 
compare these two objects, the raised and the moving weight, 
which admit of no common measure, we require that con- 
stant number wliicit is generally denoted by g. This number, 
however, and the mechanical equivalent of heat, whereby the 
relation subsisting between heat and motion is defined, belong 
both of them to one and the same category of ideas. 

In the paper that I have mentioned it is further shown 
how we may arrive at such a conception of force as admits 
of being consistently followed to its consequences and is sci- 
entifically tenable ; and the importance of this subject induces 
me to return to it again here. 

The word " force" {Kraft) is used in the higher or scien- 
tific mechanics in two distinct senses. 

I. On the one hand, it denotes every push or pull, every 
ctfort of an inert body lo change its state of rest or of mo- 
tion ; and this effort, when it is considered alone and apart 
from the result produced, is called ''• pushing force," " pulling 
force," or shortly " force," and also, in order to distinguish 
between this and the following conception, " dead force " (vit 
mortua). 
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n. On tlie other hand, the product of the pressure into 
the space through which it acts, or, agahi, tlie product — or 
half-product— of the mass into the square of the velocity, ia 
named " force." In order that motion may actaally occur, it 
ia in fact necessary that the mass, whatever it may be, should 
under the influence of a pressure, and, in the direction of that 
pressure, traverse a certain space, " the effective space " 
( Wirliuiigsraum) : and in this case a magnitude which is pro- 
portional to the " pushing force " and to the effective space, 
likewise receives tli,e name "force;" but to distinguish it 
from the mere pushing force, by which alone motion is never 
actually hrought about, it is also called the " ms viva of mo- 
tion," or " moving force." 

With the generic conception of " force," the higher me- 
chanics, 33 an essentially analytic science, is not concerned, 
lu order to arrive at it, we must, according to the general 
rule, collect together the characters possessed in common by 
^e several species. As is well known, the definition so ob- 
tained runs thus — " Force is every thing which brings about 
or tends to bring about, alters or tends to alter motion." 

This definition, however, it is easy to see, is tautological j 
for the last fourteen words of it might be omitted, and the 
souse would be still the same. 

This erroneous solution is occasioned by the nature of the 
problem, which requires an impossibility. Mere pressure 
(dead force) and the product of the pressure into the effective 
space (living force) are magnitudes too thoroughly unlike to 
be by possibility combined into a generic conception. Press- 
ure or attraction is, in the theory of inotion, what affinity ' 
in chemistry — an abstract coiweption : living force, like ma 
ter, is concrete ; and these two kinds of force, however closel 
connected in the region of the association of ideas, 
TBality so widely separated that a frame which should tal 
them both in must be able to include the whole worl3. 

There are several conceivable ways of escaping from the 
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difflculty. For instance, just as we speak of absolute weight, 
specific weight, and combining weiglit, without its ever enter 
ing any one's head to want to f;onslruct a generic idea out of 
these distinct notions, so two or noLore meanings may be at- 
tached to the word force. This is what is actually done in 
the higher mechanics, and hence in this branch of science wo 
meet with no mention of a generic conception of " force." 

There has been no lack of reconamendations to carry, in 
like manner, the notions of "dead" and " Kving force " as 
distinct and separate through the other departments of sci- 
ence ; it has, however, been found impossible to put in prac 
tiee such recommendations ; for the use of ambiguous ex 
prossions, which can in no case contribute any thing to clear- 
ness, is altogether inadmissible if confusion can possibly arise. 
Xt is true that the mathematician is in no danger of confound- 
ing in his calculations a product with one of its factors ; but 
in other departments of knowledge a systematic confusion of 
ideas exists on this point ; and if any thing is to be done 
toward clearing it up, the source of the error must be stopped ; 
for if we once recognize two meanings of the word " force," 
it would be the labour of Sisyphus to try to distinguish be- 
tween them in each separate case. In order, then, to arriye 
at any result, wo must make up our minds to do without any 
common denomination of the magnitudes mentioned above, 
as I. and II,, and either to give up the use of the word 
" force" altogether, or to employ it for ona only of these two 



The notion of force was consistently employed in the lat- 
ter sense by Newton, In solving his problems, he decom- 
poses the product of the attract'on into the effeeiive space 
into its two factors, and calls the former by the name " force." 

As an objection to this mode of proceeding, it must, how- 
ever, be remarked that in many cases it is not possible thus 
to decompose the product in question. Let ua take, for in- 
stance, the following very simple case : a mass M, originally 
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ftt rest, is caused to move with the (uniform final) velwity c; 
from the knowledge of the magnitudes M and c it is certainly 
possible to deduce the value of the product of the force (in 
Kewton'a sense) into its effective space, bat we are not thereby 
jsnabled to conclude as to the magnitude of this force itself. 

Aa a matter of feict, the necessity soon made itself felt of 
treating and naming this product as a whole. It also baa 
been called " force," aud the expressions " fia viva of motion," 
" moving force," "working force," "horse-power" (or force), 
" muscular force," &c., have been long naturalized in science. 

However happy wo may, in many respects, think the 
choice of this word, there is still the objeclion that a new 
meaning has been fixed upon an already existing technical 
egression, without the old one having been called in from 
circulation at tlie same time. This formal error has become 
a Pandora's box, whence has sprung a Babylonian confusion 
of tongues. 

Under existing circumstances no choice is leil us but to 
withdraw the term "force" either from Newton's dead force 
or from Leibnitz's living force ; but in either case we come 
into conflict with prevailing usage. But if once we have 
made up our minds to introduce into our science a logically 
accurate use of terms, even at the cost of existing expressions 
wbicb have become cxiay and pleasant to us by long usage, we 
cannot long hesitate in the choice we have to make between 
the conceptions I. and II. 

Let us consider the elementary cose of a mass, originally 
at rest, which receives motion : this happens, as has been al- 
ready said, by the mass bbing subjected to a certain push or 
puU under the' influence of which it traverses a certain space, 
the effective space. Now, however, both the velocity and 
also the intensity of the push (Newton's force) always vary 
Bt every point of the efiective space ; and in order to mul- 
tiply these variable magnitudes into effective space, that ia, 
to deduce the quantity of motion from the intensity of the 
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pushing force, we must call in the aid of the higlter matha* 
matics. 

But hence it follows that, oscept in statics, ivhcre tie ef- 
fective space is nought and the -pressure constant, the New- 
tonian conception of force is availalile only in tie higher 
branches of mechanics ; and it is plainly not adyisahle so to 
choose our conception of " force " tiat it cannot he consist 
enlly employed in tliat branch (namely, the elementary parts 
of the theory of motion) which of all others is chiefly con- 
cerned with fundamental notions. 

It is, however, a totally mistaken method to try to adapt 
Ihe idea of a force, such as gravity, conceived in Newton's 
sense, to the elementary parts of science, by leaving out of 
consideration one of its most important properties, namely its 
dependence on distance, and to make a " force " out of Grali- 
leo's gravity thus inexactly and in some relations most incor- 
rectly conceived. Some such ideal force (No, III.) seems 
to hover before the minds of most writers on natural science 
aa the original type of a '"force of nature." 

Such quantitative determinations as hold good only ap- 
prosimately and under certain conditions ou^t never to he 
employed to establish definitions. In a calculation, it is true, 
we may correctly enough take an arc, which is sufficiently 
small in comparison with the radius, as equal in size to the 
sine or to the tangent ; but if we attempted to use such a rela- 
tion in settling first principles, we should lay a foundation for 
fallacies and errors. 

The Newtonian idea of force, however, transplanted in 
the manner that is commonly done into the region of element- 
ary science, is no whit better than the notion of a straight 
curve. Newton'a force, or attraction, in specie gravity, g, ia 
equal to the differential quotient of the velocity by the time ; 

dc 
that is, (;=— . This expression is quite exact, but in order to 

understand and apply it a knowledge of the higher malhomat- 
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ica is required. Oa llie other hand, it is quite true that, so 
long as we have to do only with cases in which the space 
faUea through h so email in comparison with the earth's semi 
diameter that it may bo disregarded, the equation just given 

may be abbreviated into the very eoaveniaat form. ?=i with- 
out any considerable error ; hut this expression can never be 
mathematically exact so long as the space fallen through has 
any calculable magnitude. But on the strength of an equa- 
tion thus radically iuaccurate, there are planted in the recep 
tive mind of youth such false notions as — that gravity is a 
uniformly accelerating (?) force, a moving (?) force whose ac- 
tion is proportional to the time ( ?) ; that force is directly pro- 
portional ( ?) to the velocity produced ; and many other like 

It would certainly be a great merit if authors of treatises 
on physics would help to remedy this state of things, and in 
framing their definitions would start only from thoroughly 
exact determinations of magnitudes ; for elementary physics 
in its present form, instead of being a weU-grounded science, 
is only a sort of half-knowledge, such that on passing to the 
higher and strictly scientific departments the student must 
try to forget its principles and theorems as quickly as he ean. 

If we have once convinced ourselves by unprejudiced 
examination that tho reteulion, under that name, of the con- 
ception of force distinguished above by I. has nothing but its 
origin to recommend it, but much tt> condemn it, the rest fol- 
lows almost spontaneously. It accords with the laws of 
thought, as well as with the common usage of language, to 
connect every production of motion with an expenditure of 
force. Hence "foi'ce" is — 

Something wliii'Ji is expended introducing tiCotion ; and 
this aomething which is expended is to be looked upon as a 
causa equivalent to tho effect, namely, to the motion pro- 
duced. 
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This definition aot only corresponds perfectly >vith facta, 
but it accords as far as possible with that which akcady ex- 
ists ; for, as I shall show, it contains by implication the con- 
ception of force aa met with in the higher mechanics, and re- 
ferred to above by II. 

If a mass M, originally at rest, while traversing the effect- 
ive space s, under the influence and in the direction of the 
pressure^, acquires the velocity c, we have j)s— Me", Since, 
liowever, every production of motion implies the existence of 
a pressure (or of a pull) and an effective space, and also the 
exhaustion of one at least of these factors, the effective space, 
it follows that motion can never come into existence except 
at the cost of this product, ps=Mc^ And this it is which 
for shortness I call "force," 

The connection between expenditure and performance (in 
otlier words, the exhaustion of force in producing its effect) 
presents itself in the simplest form in the phenomena of grav- 
itation. The necessary condition of every falling motion is 
that the centre of grarity of the two masses concerned in it 
(that is, of the earth and of the falling weight) should ap- 
proach each other. But in the case of the falling together of 
the two masses, the approach of their centres of gravity 
reaches its natural limit, and hence the production of a fall- 
ing movenaent is thus bound up with an expenditure, namely, 
with the exhaustion of the given falling-space, and thereby 
also of the product of that space into the attraction. The 
falling down of a weight upon the earth is a process of me- 
chanical combination ; and just as ia combustion the capacity 
of performance (that is, the coodition of the development of 
heat) ceases when the act of combination comes to an end, so 
also the proJuetioa of motion ceases when the weight has 
fallen to its lowest position. The weight, when lying on the 
solid ground, ia, like the carbonic acid formed in combustion, 
nothing but a ea^ut mortuum. The afHnity, whether mechan- 
ical or chemical, is atiU there after the union juot as much aa 
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before, and opposes a certain resistance to tlie reduction of 
the componnd; but ita power of performance (Leistungn- 
fdhighek) is at an end as soon as there is no further available 
falling-space. 

Whenever the attraction becomes indefinitely small, or 
ceases altogether, space is no longer efiective space ; and thus 
it follows, from the ditmnution whicli gravity undergoes with 
distance, that faUing-space is limited in the centrifugal direc- 
tion also, and hence that the cause of motion or " force " is, 
under all circumstances, a finite magnitude which becomes 
exhausted in producing its efiect. 

This fundamental physical truth will be most easily per- 
ceived when applied to a special case and reduced to figures. 
When a pound weight ia lifted one foot from the ground, the 
available force ia, as every one tnows, =one foot-pound. If 
the falling-height of this weight amounts to n feet, n not be- 
ing a large number, the force may be taken as approxiffiately 
=» foot-pounds. But supposing n, or the original distance 
of the weight from the earth, to be very considerable, or in- 
deed infinite, the force (that is, the number of fooUpoimds) 
does not by any means thereby become infinite, but, according 
to Ncwtoii'a law of gravitation, it becomes at most ^r foot- 
ponmds, where r is the number of feet contained in the earth's 
semidiameter. Thus how great soever the distance through 
which a weight falls against the earth, or the time occupied 
by its fall may be, it can acquire no higher final velocity than 
Si,450 Paris feet per second. On the other hand, were the 
mass of the earth four times as great as it is, its bulk remain- 
ing the same, the force would likewise become four times as 
great, and the maximum velocity would be 68,900 feet. 

It is one of the essentials of a good termiaology that it 
should put fundamental facts of this kind in a clear light ; 
exactly the opposite, however, is done by the nomenclatnre at 
present in use. A few expressions, employed by a very meri- 
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torious natujalist in combating my views, may serve to sup« 
port this assertion. 

" Although," he &ays, " it is quite true that ia nature no 
motion can be annihilated, or that, as it ia commonly ex- 
pressed, the quantity of motion once in existence continues 
imceasingly and without any lessening, and although in this 
sense the character of indestructibility belongs to every prox- 
imate cause even, every primary cause, that is, every tpuc 
physical force, possesses the additional charicteristic of being 
inexhaustible These characten^itics will best admit of being 
unfolded by the closer conBidi.ration of gravity, the most 
active and widely difiuatd of the naluril lorces (primary 
causes), which, as it were the soul of th(- %vorld, indestructi- 
bly and mcxhiustiblj upliolds the hfe of those great masses 
on whose motions depends the order of the universe, while 
requiring no food from without to call forth its ever renewed 
activity." 

If those words are intended to contain a material contra- 
diction of the views I have put forward, they must be meant 
to imply that, by virtue of its being inexhaustible, the attract- 

power of the earth must be capable of imparting to a fall- 
ing weight, under certain conceivable circumstances, an infin- 
ite velocity. But our author himself in several places lots us 
see that he has a (quite weU-fomided) mistrust of any so de- 
cided a conclusion : this is shown in the following, among 
other passages : " If we follow up the chain of causes and 
effects to its first beginnings, we come at length to the true 
forces of nature, to those primary causes whose activity does 
not require that they should be preceded by any others, which 
ask for no nourishment, but which can ever call forth new 
motions, as it were, out of an inexhaustible soil, and can 
uphold and quicken those that arc already in being." 

Again : " If the mooa every moment falls, at least vir. 
tually, a certain distance toward the earth, what is the force 
which the next moment pulls it away again, as it were, in 
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arder to give rise to a new falling force? It is pretiscly its 
indestructibility and jneshaustibility, its power at all times 
and nnder all circumstances to bring about without ceasing, 
at least virtually, the same effects, that is the essence of every 
true force or primary cause." 

This " as it were " and " at least virtually," Tvhich always 
slips in at the critical moment, affords room for the sa'*picion 
that our author is himself not quite confident of the power - 
of his " true natural causes " to give rise to an inexhaustible 
amount of motion (of actual exertion of force) ; and the in- 
definiteness of these expressions is quite characteristic of the 
Protean part which the force of gravity plays in writings on 
natural science. The most arbitrary explanations are given 
of this word, and then, when facts no longer admit of any 
thing else, a retreat is sought in tlie Newtonian conception. 

Gravity being called a force, and at the same time the 
term force being connected, in accordance with the common 
use of language, with the conception of an object capable of 
producing motion, leads to the false assumption that a me- 
chanical effect (the production of motion) can be produced 
without a corresponding expenditure of a measurable object ; 
and here is likewise plainly the reason why our author could 
neither keep clear in his facts nor consistent in his reasoning. 
If once the production of motion out of nothing is granted, 
the annihilation of motion must also he admitted as a conse- 
quence ; and the magnitude of motion mast, m accordance 
with this assumption, be simply proportional to the velocity, 
or=M!, and the "quantity of motion once in existence" 
must be =+Jfc — Me=0. But notwithstanding his "inex- 
haustible forces," the writer leferred to expressly declares 
that motion is indestructible ; out, instead of stating his opin- 
ion as to what becomes of motion which disappears by fric- 
tion, he says in another place again that it reraaias " unde- 
cided " whether the effect of a force (the amount of motion 
produced by it) is measured by the first or by the second 
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power of the velocity (that is, whether it is or is not de- 
structible) : he even appears, from repeated expressions, to 
hold it possible that a given quaatity of heat can produce mo- 
tion ad infinitum ! If guch were the case, it would certainly 
be useless to consider the convertibility of these magni- 
tudes : the ground would rather have been vi'on for the contact 
theory. 

The polemics of my respected critic, whom I have here 
introduced as the representative and spokesman of prevailing 
views, and to whom I feel that my sincere thanks are due for 
his attentive examination of my first publication, appear to 
me to be necessarily without result, inasmuch as the first 
problem in combating my assertions, which all revolve about 
the one point of an invariable quantitative relation between 
heat and motion, must be to find out that this relation is va- 
riable, and in what cases. Formal controversy without a 
material basis is only beating the air ; and as to what relates 
specially to the questions about force, the first point to con- 
sider is, not what sort of thing a " force " is, but to what 
thing wo shall gi-vs the name "force." Backwards aud for- 
wards talk about gravity is fruitless, since all who understand 
Ihe matter ai-e agreed as to its nature ; for gravity is and re- 
mains a difierential quotient of the velocity by the time, di- 
rectly proportioaal to the attracting mass, and iuversely pro- 
portional to the square of the distance : on this point a final 
decision was come to long ago But whether it is expedient 
to call this magnitude a force is quite another question. 

Since, whenever an innovation of essential importance is 
proposed, the public is so ready to misapprehend, I will here 
state once more, as clearly as I can, my reasons for saying 
that "the force of gravity" is an improper expression. 

It is an unassailable truth that the productioa of every 
falling motion is connected with a corresponding expenditure 
of a measurable magnitude. This magnitude, if it is to he 
made an object of scientific investigation (and wliy should it 
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not ?) , must have a name given to it ; and in ttccordance with 
the logical instinct of man, as manifested in the genius of lan- 
guage, no other name can be here chosen than the word 
" force." But since this expression is already used in a quit« 
different sense, we might be tempted to create for the concep- 
tion which is as yet — in the fundamental parts of science at 
least — ^unnamed an entirely new name. But before betaking 
ourselves to this extreme course, which for reasons that are 
not far to seek would be the one whereby we should be 
brought most into conflict with existing usage, it is reasonable 
to inquire whether the word " force," which in itself answers 
so well to the requkementa of the case, is in its right place 
where it was first put by the schools. 

According to the common custom of speech, we under- 
stand by " force " something moving — a cause of motion ; and 
if, on the one hand, the expression " moving force " is for 
this reason, strictly speaking, a pleonasm, the notion of a not 
moving or " dead" force is, on the otlior hand, a coniradidio 
in adjedo. If it be said, for instance, tliat a load which 
presses with its weight on the ground exerts thereby o force — 
i force which, though never so great, is unable of itself lo 
bring about the smallest movement — the mode of conception 
and of expression is quite justified by scholastic usage, but it 
is so fai^fetched that it becomes the source of unnumbered 
misapprehensions. 

Between gravity and the force of gravity there is, so far 
as I know, no difference ; and hence I consider the second 
expression unscientific, inasmuch as it is tautological. 

Let it not be objected that the " force " of pressure, tho 
" force " of gravity, cohesive " force," &c., arc the higher 
pauses of.pressure, gravity, and the hke. ' The exact sciences 
are concerned with phenomena and measurable quantities. 
The first cause of things is Deity — a Being ever inscrutable 
by the intellect of man ; whUe " higher causes,"- " supcrsen- 
euous forces," and the rest, with all their consequences, be' 
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long to tho delusive middle region of naturalistic philosophy 
and mysticism. 

By a laiv that is universally true, wastfl and want go hand 
la hand. If to the case before us, where this rule likewise 
meets with confirmation, we apply an equalizing process, and 
take away the word " force " from the connection in which it 
is superfluous and hurtful, and bring it to where we are in 
want of it, wo get rid at one time of two important obstacles. 
The higher mathematics at once cease to bo required in order 
to gain admittance into the theory of motion : nature presents 
herself in sinaple beauty before the astonished eye, and even 
the less gifl«d may now behold many things which hitherto 
were concealed from the most learned philosophers. 

Force and matter are indestructible objects. This law, to 
which individual facts may most simply be referred, and 
which therefore I might flgnratively call the heHocentric stand- 
point, constitutes a natural basis for physics, chemistry, phys- 
iology', and philosophy. 

Among the facts which, though known, have been hith- 
erto only empirically established and have remained isolated, 
but which can he easily referred to this natural law, is the one 
that electric and magnetic attraction cannot be isolated any 
more than gravity, or that the strength nf this attraction 
undergoes no alteration, so long as the distance remains the 
same, by the intervening of indifferent substances (uon-con- 
doctors). 

Among facts which have remained unknown up to the 
most recent times, I will refer only to the influence which the 
ebb and flow of the tide exerts, in accordance with the known 
laws of mechanics, on (he motion of the earth about its axis. 
A fact of such importance, standing, as it does, in close rela- 
tion with the fundamental law just stated, having been able 
to escape the attention of naturalists, is of itaeif a proof that 
the prevailing system has no escdusive title. 

For the rest, it will not have escaped those who arc ac- 
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quainted with, the modem lilerature of scietice that a inodifi- 
cafion of scientific language in the sense of my views is act- 
ually beginning to take place. But in matters of this kind 
the chief part of the work must bo lefl to time. 

According to what has been said thus far, the f is viva of 
motion must be called a force. Bnt since the expression vis 
viva denotes in mechanics, not only a magnitude which is 
proportional to the mass and to tlic square of its Telocity, but 
also one which is proportional to Ihe mass and to the height 
from which it has fallen, force thas conceived naturally di- 
vides itself into two very easily distinguished species, each of 
which requires a distinct technical name, for which the words 
motion i^Bewegung) and falling-force (^Fallhra/i) seem to me 
the most appropriate.* 

Hence, according to this definition, " motion " is always 
measured by the product of the moved mass into the sr/uare 
of the velocity, never by the product of the mass into the 
velocity. 

By " falling-force " we understand a raised weight, or still 
more generally, a distance in space between two ponderable 

[" The distinction here drawn between "motion" and "falling-force" 
iathe same as that made by Helmholta (Die ErhaUung der Kraft, 1847) 
betwaea •■'via viva" (J^endlge Kraft) a.Qi "lenaon" {8pankraf{). ThcBtig- 
lish. eiprcsflioaa "djnamical enei^" iinii "staticd enorgy" were used by 
ProE W. Thomaon (PhiL Mag S voL iv, p. 304, 1832) in the same sense, 
but were aiterwards abandoned by hun in feiraiir of the tcrma " actual en- 
ergy" and "potential cncrf^ " intredneed by Prof. Eankine. More re- 
cently (" Good Worda " for Octoljer, 1862) Professors Thomson omd Tail 
have employed the eipression "Mnetie energy" inplaceof "aotna! ener- 
gy," The German -word Kraft in the teit haa been uniformly translated 
force, to Tvhioh term the ambiguity of the Gorman original has thus been 
tcanafeired. Thi3 ambiguity, howerer, may be aroided in English by al- 
lowing the word " force " to retain the meaning which it bears in common 
language, that is, to denote all resistances which it requires the exertion of 
a poii>er to overcome (whence the expressions gravitating force, cohesive 
force, &c), and by oang the word " energy " to denote force as defined by 
Uajer.— G. C. P.] 

ir 
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bodies. la many cases falling-force ia coea'iured with suffi 
cient accuracy by the product of the raised weight into ita 
height ; and the expressions " foot-pound," " Itilogramme- 
mefre," " horse-power," and many others, arc conventional 
units for the measurement of this force, which have of late 
come into general use, especially in practical mechanics. But 
in order to find the exact quantitative expression for the ma^ 
nitude in question, we must consider (at least) two masses 
existing at a determinate distance from each other, which ac- 
quire motion by mutnally approaching ; and we must investi- 
gate the relation which exists between the conditions of the 
motion, namely, the magnitude of the masses and their orig- 
inal and final distance, and the amount of motion produced. 

It very remarkably happens that tiiis relation is the sim- 
plest conceivable ; for, according to Newton's law of gravita- 
tion, the quantity of motion produced is directly proportional 
to the masses and to the space through which they fall, but 
inversely proportional to the distances of the centres of grav- 
ity of the masses before and after the movement. That is, 
if A and B are the two masses, c and c' the velocities wiiieh 
they respectively acquii'c, and h and h' their original and final 
distances apart, we have 



Ac'-1-Bc'== 



A.B(^.— A') _ 



or in words, the falling-force is equal to the product of the 
masses into the space fallen through divided by the two distances. 
By help of this theorem, which, as will be easily seen, is 
:iothIng but a more general and convenient expression of 
Newton's law of gravitation,* the laws of the fall of bodies 

• Ifewton's formula relates to the particular ease in nbieli iiie two dis- 
tauees (tlie imtial and the final distance) are equal, so titat their product 
becomea a aquare. In this case, however, both the apace fallen througll 
ind the velocitj hecomo nouglit ; and Iience, wliea this espression has tc 
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from cosmical elevations, and also the genera! laws of central 
motions, can be dcYeloped without its being needful to employ 
equations of more than the second degree. 

Having now become acquainted with two species of force- 
motion and falling-force — we can arrive at a conception of " a 
force " in general, according to the weU-tnoivn rule, by col- 
lecting together the common characteristics of the two spe- 
cies. To this end, we must consider the properties of these 
objects somewhat more closely. Their most important prop- 
erty depends on their mutual relation. Whenever a given 
quantity of falling force disappears, motion is produced ; and 
by the expenditure of this latter, the falling-force can be re- 
produced in its original amount. 

This constant proportion which exists between falJing- 
force and motion, and is known in the higher mechanics un- 
der the name of " the principle of the conservation of vis 
viva," may be shortly and fitly denoted by the term " trans- 
formation" (^Umwandlung). For instance, we may say that 
a plaaet, in passing from ita aphelion to its perihelion, trans- 
forms a part of its falling-force into motion, and, as it moves 
away from the sun again, changes a part of its motion into 
falling-force. In using the word " transform" in this sense, 
nothing else can or is intended to be expressed but a constant 
numerical ratio. 

But it follows from the axiom mentioned at page 326, that 
the production of a definite quantity of motion from a given 
quantity of falling-force, and vice ver&d, implies that neither 
falling-force nor motion can bo annihilated either totally or In 
part. We thus obtain the following definition : 

Forces are tramformaUe, indestructible, and (in contradis- 

be taken na the Btaxtiog-pomt for tie caloulatiot 

matical actiScea become necessary which are inadmissible in 

braneliea of science. 
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tinetion from aiatter) imponderable objects. (Conf. paper al- 
ready quoted, pp. 328, 329.) 

It is easy to see that this definition embraces, among other 
things, the fact that the motion which disappears in mechani- 
cal processes of different kinds bears a constant relation to 
the heat thereby produced, or that motion is convertible, as 
an indestructible magnitude, into heat. Thus heat is, like mo- 
tion, a force ; and motion, like heat, an imponderable. 

I have characterized the relation which various forces 
bear to one another by eaymg (PhU. Mag. S. 4, vol. xxiv. p. 
252) that they are " different forms under which one and the 
same object makes its appearance." At the same time I 
have expressly guarded myself from making the certainly 
plausible, but unproved, and, as it seems to me, hazardous de- 
duction that thermal phenomena are to be regarded as merely 
phenomena of motion. The following is what I said upon 
this point (foe. cU.) p. 376 : 

" But just as little as the coauection between faUing-force 
and motion authorizes the conclusion that the essence of fall- 
ing-foreo is motion, can such a conclusion bo adopted in the 
case of heat. We are, on the contrary, rather inclined to 
infer that before it can become heat, motion — whether simple, 
or vibratory as in the case of light and radiant heat, &c. — 
must cease to exist as motion," 

The relation which, as we have seen, subsists between 
heat and motion has regard to quantity, not te quality ; for 
(to borrow the words of Euclid) things which are equal to 
one another ore not therefore similar. Let us beware of leav- 
ing the sohd ground of the objective, if we would not entan- 
gle ourselves in difficulties of our own making. 

In the mean time it at least results from the foregoing 
considerations that the phenomena of heat, electricity, and 
magnetism do not owe their existence to any particular fluids ; 
and the immateriality of heat, asserted half a century ago by 
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Rumftird, becomes, through the discovery of its mechanical 
equivalent, a certainty. 

The form of force denoted by the name "heat" is plainly 
not single, hut includes several distinct, though mutually 
equivalent, objects, three principal forms of which are distin- 
guished in common language : namely, I. Radiant Heat ; II. 
Free (sensible) Heat, Specific Heat ; and HI. Latent Heat, 

There can be no doubt that radiant heat must be regarded 
as a phenomenon of motion, especially since the recent detec- 
tion of phenomena of interference in the radiation of heat. 
But whether there reaUy exists, as is commonly assumed, a 
peculiar sether, of which the vibratory motion is perceived by 
us as radiant heat, or whether the seat of this motion is the 
particles of material bodie8,.J9 a question that is not yet made 

StiU greater obscurity hangs about the essential nature of 
specific heat, or what goes on in the interior of a heated body. 
Kot only does the unanswered question of the ffither enter 
again here, but, before we can be in a position to form any 
clear ideas oa this subject, we require to have an esact knowl- 
edge of the internal constitution of matter. We are, how- 
ever, still far from having reached this point ; for, in particu- 
lar, we do not know whether such things as atoms exist — that 
is, irhether matter consists of such constitucuta as undergo no 
further change of form in chemical processes. 

But a span of that time which stretches both baekwards 
and forwards into eternity is meted out to man here on earth, 
and the space which hia foot can tread is narrowly bounded 
above and below : so also his scientific knowledge finds nat- 
ural limits in the direction of Uie infinitely small as well as of 
the infinitely great. The question of atoms seems to me to 
lead beyond these limits, and hence I consider it unpractical. 
An atom in itself can no more become an object of our inves- 
tigation than a difierential, notwithstanding that the ratiti 
which such immensely small auxiliary magnitudes bear t« 
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one anothei- may be represented by concrete numbers. In 
every case, bowever, tbe conception of an atom must be re- 
garded as merely relative, and must te considered in connec- 
tion with some definite process ; for, aa is well known, the 
particles of an acid and base may play the part of atoms in 
the formation and decomposition of a salt, while in another 
process these atoms may themselves undergo further division. 

But assuming that, in a chemical sense, atoms have a real 
existence— an assumption which, among oflier things, the 
laws of isomorphism certainly render probable — ^tie further 
question arises whether, by the continued division of matter, 
we can at last arrive at molecules which are atoms in relation 
to itio phenomerM of Tieat, such that heat cannot penetrate to 
their interior, and such that, when the whole maas is heated, 
they for their parts undergo no increase of bulk. But since 
■ve arc unable to grapple with such preliminary questions as 
bese, wo are forced to confess that, whether fbe existence of 
■in EBther and of atoms be admitted or not, we are, so far as 
■?gards the nature of specific heat, in a state of ignorance. 

The expression " latent heat" haB reference to its con-ectly 
■ ecognized property of indestructibility. In all cases in which 
■aermometriciUy isensible specific heat disappears, it must be 
assimied that it eludes our perception only by taking on some 
other state of eiastmco, and that by an appropriate process 
of inverse transformation the free heat can be reproduced in its 
original amount These are the facts on which the doctrine 
of latent heat rests ; and hence, if we have regard to them 
only, all tie connected phenomena may be claimed as ao niany 
confirmations of the principle of the transformation and con- 
servation of force. 

The conception of latent heat is accordingly nothing else 
than the conception of something equivalent to free heat, and 
Urns the doctrine of free and specific heat embraces pretty 
aearly the whole domain of physics. A few examples, cho- 
sen from among the abundance of facts, may serve to show 
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how, according to my view, tlie phenomena wherein heal, be- 
comes latent are to be regarded. 

If teat is commumieated to a gas retained under constant 
pressure, the free heat of the gas is increased, and at tho 
same time a calculable quantity of heat becomes latent; the 
gas is thereby caused to expand, and. thijr« is consequently 
produced an amount of vis ■viva proportional to the pressure 
and to the space through which expansion takes place. There- 
fore as soon as we know how much of tho heat that has be- 
come latent is to be attributed to the expansion of the gas, wo 
know also the amount of the remainder of the latent heat 
corresponding to the vis viva produced. Now Gay-Lussac 
lias proved by experiment that the specific heat of a gas un- 
dergoes no sensible alteration in flowing from a containing ves- 
sel into a vacuum. Hence it follows that a gaseous body op- 
poses no perceptible resistance to the separation of its parti- 
cles, and that the rarefaction of a gas does not of itself (that 
is, when it occurs without any evolution of force) cause any 
heat to become latent. The total quantity of heat which be- 
comes latent by the expansion of a gas is therefore to be taken 
as the equivalent of the vis vvva produced. 

It results from the principle of the indestructibility of 
heat — a principle which no one calls in question — that the 
quantity of heat ■which has thus become latent must again 
become free when heat is in any way produced at the expense 
of the acqnired vis viva of motion. Motion is latent heat, 
and heat is latent motion. 

Tho celebrated law of Dulong, that the amount of heat 
produced by the compression of a gas is dependent on the 
amount of force expended, and not npon the chemical nature, 
tension, or temperature of the gas, is a special appHcation of 
the above general principle. But in the communication so 
often mentioned I have shown that this law of nature is capa- 
ble of a very much wider application, and that the heat which 
becomes latent in the expansion of a gai reappears again in 
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every case, if the vis viva thereby produced is employed to 
generate i.cat, whether hy the compreasion of air, by friction, 
or hy the impact of noneUstic bodiei ; and I ha^ e thtre 
calculated the mechanical equiTalenf of heat upon principles 
of which tho accuracy cannot be disputed. I also measured 
at that time, by way of control, tlie heat produced in the 
manufacture of paper in Holland, and. compared it with the 
working force expended, and so found a sufficient degree of 
concordance between the two quantities. I have recently, 
•noreover, succeeded in constructing, for tho purpose of the 
licect determination of the mechanical cquiyalcnt of heat, a 
very simple thermal dynamometer on a ?ma]l scale, with 
which the truth of the principlo in quoition can be demon- 
strated ad OQvlos; and I have reason to believe that the effi- 
ciency of water-wheels and stcam-cnginea might be easily and 
advantageously measured by means of a similar calorimoto- 
rial apparatus. It m.ust, however, be leit to the future judg- 
m.ent of practical men to decide whether, and to what extent, 
this method deserves to be preferred to Pron/s. 

Heat further becomes latent iu certain changes of the state 
of aggregation of bodies. Since it is a settled fact that both 

d and hqmd b d ppo e a certain resistance to tho sep- 
a a n h p a nee in general an expenditure of 

a q ir d h overcoming of mechanical resist- 

an w n u d priori that whenever the cohe- 

a b y dim m h d or done away with, force or heat 
mu b m a n and his, as is well known, perfectly 
a d. w h xp n 

b n fr m h p nt of view, the French physicist 
P a temp d d ect a direct quantitative relation 

b h a n h a metals, on which he has naade a 

DT urn b , and their cohesion ; but at pres- 

ent de mm f kind are beset with almost insur- 

mountable difScuIties, 

The heat ■which becomes latent in the evaporation of watei 



;d by Google 



HEAT AND CHAJT&E8 OP 8TJ.TE. 35] 

has been considered from quite a, similar point of view hj 
Holf^mann in his important memoir " On the Heat and Elas- 
ticity of Gases and Vapours." Starting from the priaciple 
that elevation of temperature is equivalent to the raising of a 
weight, this philosopher has likewise calculated the mechani- 
cal equivalent of heat from the quantity of heat which be- 
comes latent by tlie expansion of a gas ; and he very rightly 
conceives of the latent heat of steam as made up of two 
parts, whereof one, the smaller, is expended in overcoming 
the opposing pressure of the atmosphere, and can hence bo 
easily calculated by means of the mechanical equivalent of 
heat, while the remaining part, the amount of which can also 
be calculated, is what Holtzmanu calls the heat required to 
destroy the cohesion of the water. In all steam-engines this 
latter portion is wasted, and Holtzmann calculates from these 
data the superior efficiency of high-preaaure compared with 
low-pressure engines.* 

If the view here taken of the latont heat of fusion and 
evaporation is correct, heat must also become latent when 
hard bodies are reduced to powder ; and when such substances 
pass info the liquid condition from a state of fine division, 
they must absorb a smaller quantity of heat than when they 
are liquefied without previous eonyninutiou, A few esperi- 
meuts that I have instituted in this direction have not hilherfo 
given any decisive result. 

It is also worthy of notice that certain solid bodies which 
are capable of assuming allotropic states, as, for instance, the 
oxygen-compounds of iron, evolve a considerable quantity of 
heat on passing from a less to a more hard condition. Such 
facts, the numbar of which wiU doubtless continually increase 
with time, agree perfectly with the above principle, that dim- 
iuution of cohesion involves an es^endUure of heat, and, on 
the other hand, increase of cohesion a, production of heat. 

■ The en^nes whici give the greatest useful efleot must be those ic 
vhich the steam recdres an alditioa of hent duriug its ejipansfoo. 
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Customary language, according to which gravity ia called 
a moving force and heat a substance, occasions, oa the one 
hand, the significance of an important nataral object, falling- 
space, or the space through which a body falls, to be kept as 
much as possible out of sight, and, on the other hand, heat to 
be removed to the greatest possible distance from the vis viva 
of motion. The sciences are thus reduced to aa artificial sys- 
tem, over whose fissured surface we can advance in safety 
only by the powerfal aid of the higher analysis. 

Withont doubt tiie fact that so simple and obvious a mat- 
ter as the connection between heat and motion could remain 
nnperceived up to the most recent times must also be attrib- 
uted to the same defect. Nevertheless, as has been already 
pointed out, the quantitative determination of chemical heat- 
ing-effects and of galvanic actions, as well as researches into 
vital phenomena, instituted in the spirit of those of Liebig, 
must soon have led to the law, not difltcult to discover, of the 
equivalence of heat and motion. 

In reality this law and its numerical expression, the me- 
chanical equivalent of heat, were pubhshcd almost simnlta- ' 
jieously in Germany and in England. 

Starting from the fact that the amount of chemical as well 
as of galvanic effect is, dependent only and solely on the 
amount of material espenditure, the celebrated English phys- 
icist Joule was led to the principle that the phenomena of 
motion and of heat rest essentially upon one and the same 
foundation, or, as he expressed himself, in the same way as I 
have done, heat and motion are transformable one into the 

Not only did this philosopher indisputably make an inde- 
pendent discovery of the natural law in question, but to him 
belongs the credit of having made numerous and important 
contributions towards its further establishment and develop- 
ment. Joule has shown that when motion is produced by 
means of electro-magnetism, the beating effect of the galvanie 
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ctirreiit is diminished in a corresponding and fixed proportion. 
He has further ascertained that by reversing tlie poles of a 
magnetic bar a quantity of heat is produced proportional to 
fhe square of the magaetic tension — a fact which was also 
discovered by myself, though at a later date. In particular, 
Joulo has likewise demonstrated, by means of anmerous ex- 
periments, that the heat evolved by friction under various cir- 
curaatances stands in an unvarying proportion to the amount 
of force expended. According to his most recent experiments 
of this kind, he has fixed the mechanical equivalent of heat 
at 423.* 

Joule has likewise investigated experimentally, ia relation 
to this question, the thermal behaviour of elastic fluids when 
expanded, and lias thereby coniirmed the earlier results of 
other physicists. 

The new subject soon began to excite the attention of 
learned men ; but in^much as both at home and abroad the 
subject has been exclusively treated as a foreign discovery, I 
find myself compelled to make the claims to which priority en- 
titles me ; for although the few investigations which I have 
given to the public, and which have almost disappeared in the 
flood of communications which every day sends forth without 
leaving a trace behind, prove, by the very form of their pub- 
lication, that I am not one who hankers after effect, it is not 
therefore to be assumed that I am willing to be deprived of 
intellectual property which documentary evidence proves to 
be mine. 

By help of the mechanical equivalent of heat many prob- 
lems can bo solved which, without it, could not be attacked at 
all : "among tbem, the calculation of the thermal effect of the 
falling together of cosmical masses may be especially men- 
tioned. It will not be out of place to indicate here briefly a 
few results of such calculations. 
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The following ia one problem of this kind. It is aasuined 
that a cosmical body enters the atmosphere of o«r earth with 
a velocity of four geographical miios per second, and tiat, in 
consequence of the resistance which it here encounters, it 
losea BO much of its vis viva of motion that its remaining ve- 
locity -when it again quits the atmosphere amounts to three 
miles: the question now arises, How great is the thermal 
effect which accompanies this process? 

A simple calculation, baaed upon the mechanical equiva- 
lent of heat, shows that the quantity of heat required is about 
eight times as great as tlie heat of combustion of a mass of 
coal of equal weight with the body in question, one kilo- 
gramme of coal being taken as yielding 6,000 thermal untis. 
Hence it follows that the velocity of the motion of shooting- 
stars and fire-balls, whicb, as is well-known, attains, accord- 
ing to astronomical observations, to from four to eight miles, 
is a cause fully sufficient to produce the most violent evolution 
of heat, and an insight into the nature of these remarkable 
phenomena is thereby afforded to us.* 

The following is a problem of a similar kind : if two cos- 
mica] masses, moving in space about their common centre of 
gravity, were by any cause whatever, for example by the re- 
sistance of the surrounding medium, caused to fall together, 
the question again arises, How great is the thermal effect cor- 
responding to this process of mechanical combination ? 

Even though the elements of the orbits (that is, their ex- 
centricity) may be unknown, we can nevertheless calculate 
from the given weight and volume of the masses in question 
the maximum and the minimnm of tJic required effect. Thus 
let it be supposed, for the sake of an example, that our earth 
had been divided into two equal globes which had united iu 

* The idea that the meteora here refeccoii to owe their light to a me- 
Dhanieal process — whether fiietlon, or the compression of the air — ia not 
new ; but without a knonledgo of the mechanical equivalent of heat il 
CDulil hare no scientific fouadaUon. 
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r clescribed ; calculation teaclies us that the amount 
of heat which would have been evolved in such a case would 
considerably exceed that which an equal weight of matter 
could furnish by the most intense process of chemical action. 

It is more than probable that the earth has come into ex- 
istence in some such way, and that in consequence our sun, aa 
seen from the distance of the fixed stars, exhibited at that 
epoch a transient hurst of light. But what took place in our 
solar system perhaps millions of yeara ago, still goes on at 
the present time hero and there among the fixed stars ; and 
the transient appearance of stars, which in some cases, like 
the celebrated star of Tycho Brahe, have at first an extraor- 
dinary degree of brilliance, may be satisfactorily explained 
by assuming the falling together of previously invisible double 
stare. 

Contrasting with such explosive bursts of light is the 
steady radiation, shown continuously through enormous pe- 
riods, by the greater number of fixed stars, and among them 
by oar sun. Do these appearances, which in so special a 
manner tempt to higher speculations, constitute a real excep- 
tion to the exhaustion. of a cause in producing its efiect, which, 
in accordance with the foregoing considerations, we Lave re- 
garded as an established law of Nature ? or does the small 
sum of human knowledge authorize ns in supposing that here 
also there is an equivalence between performance and expen- 
diture, and in searching for the conditions of that equivalent ? 

To enter further upon this subject would lead ns beyond 
the intended scope of this publication j and I therefore close 
in the hope that the reader -will please to supplement by his 
own reflection much that in this tract has been left unsaid. 
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Mii3HiEL FiEADAr, SOU of a smith, was bora in London in 17H1. lie 
ivaa tauglit reading, writiog, and aritlimetic at a day-acLooI, and in all otter 
things educated himself. At thirteen lie was appreniiccd to a bookbinder, 
cboosing this vocation in order lo be among boolis. He was early fond of es- 
peiimenti and averBe to trade ; and bdng taken to hear some lectures of Sir 
Humphrey Davy at the Koyal Institution, he resolved to pnrsue science^ and 
wrote to Davy asking Ms assistance in obtaining n place. Davy favored hia 
application, and ia 1813, at the age of twenty, he was appointed asaatant in 
the lolwratory of the Royal InsUtution. In 1820 he discovered the chloride 
of carbon, and m 1823 effected the condensation of chlorine and other gases. 
On this account Davy became jealoaa of hun, and discouraged the idea of 
recommending him foe election to the Royal Society, which, however, took 
place in 1824. In 1820, Oersted announced his celebrated discovery of 
electro-magnetism, and Paraday at once entered upon an inreatigation of the 
relations of magnetism and electricity. In 1831 ho commenced Ms cele- 
brated series of Experimental Heaeorches in Electricity, which eitended to 
three volumes, published in 188S, 184*, and X866. In 182t he published 
his admirable work on " Chemical Manipulations," and, in 1830, a valuable 
paper on " The Manufacture of Glass for Optical Purposes." In 1888 ha 
became Professor of Chemistry in the Hoyal Institution, and he has receired 
numerous honors from the learned societies of Europe. In 1836 he received 
a pension of £300 a year, and in 1858 the Queen allotted hun a residence in 
Hampton Court Dr. Faraday has talents of a high order, both as an or^ 
inal investigator and as a lecturer. Advanced in years, he has now retired to 
a con^derable eit«nt from active duty, but is still in the vigor of his powers, 
as is shown by his recent lectures to juvenile audience? in the Royal Instfc 
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YAlilOUS circumstances induce me at the present mo- 
ment to put forth a consideration regarding the con- 
Bcrvaiion of force. I do not suppose that I can utter any 
truth respecting it that has not already presented itself to the 
high and piercing iat«liects which move within ftie exalted 
regions of science ; but the course of my own inTestigations 
and views makes me think that the consideration may be of 
service to those persevering labourers (amongst whom I en- 
deavour to class myself) who, occupied in tho comparison of 
physical ideas with fundamental principles, and continually 
sustaining and aiding themselves by experiment and observa- 
tion, delight to labour for the advance of natural knowledge, 
and strive to foUow it into undiscovered regions. 

There is no question which lies closer to tlie root of all 
physical knowledge than that which inquires whether force 
can be destroyed or not. The progress of the strict science 
of modern times has tended more and more to. produce tho 
conviction that " force can neither be created nor destroyed ; " 
and to render daDy more manifest tho value of the knowledge 
of that truth in experimental research. To admit, indeed, 
that force may he destructible or can altogether disappear, 
would be to admit that matter could be uncreated ; for we 
know matter only by its forces ; and though one of these is 
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most 0011111101117 referred to, namely, gravity, to jirove il3 
presence, it is Dot because gravity lias any pretension, or any 
exemption, amongst the forms of" force as regards tke princi- 
ple of conservation, but simply that being, aa far as we per- 
ceive, inconvertible in its nature and Tinchangeable in its man- 
ifestation, it offers an unchanging test of the matter which we 
recognize by it. 

Agreeing with those who admit the conservation of force 
to be a principle in physics, as large and sure as that of the 
iadestructibUity of matter, or the invariability of gravity, I 
think that no particular idea of force has a right to TinHmited 
or nnqaalified acceptance that does not include assent to it ; 
and also, to definite amount and definite disposition of the 
force, either in one effect or another, for these are necessary 
consequences ; 1h.erefore I urge, that the conservation of force 
ought to he admitted aa a physical principle in all our hypoth- 
eses, whether partial or general, regarding the actions of mat- 
ter. I have had doubts in my own mind whether the consid- 
erations I am about to advance are not rather metaphysical 
than physical. I am unable to define what is metaphysical ia 
physical science ; and am exceedingly adverse to the easy and 
unconsidered admission of one supposition upon another, sug- 
gested as they oftea are by very impcribct induction from a 
small number of facts, or by a very imperfect observation of 
the facts themselves ; but, on the other hand, I think the phi- 
losopher may be bold in his application of principles which 
have been developed by close inquiry, have stood through 
ranch investigation, and continually increase ia force. For 
instance, time is growing up daily into importance as an ele- 
ment in the exercise of force. The earth moves in its orbit 
in time ; the crust of the earth moves in time ; light moves in 
time ; an electro-magnet requires time for its charge by an 
electric current; to inquire, therefore, whether power, acting 
either at sensible or insensible distances, always acts in time, 
is not to be metaphysical ; if it acts in time and across space, 
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it must act by physical lines of force ; and our view of tlie 
nature of tlie force may bo affected to the extremest degree 
by the conelusiona ■which experiment and observation on time 
may supply ; being, perhaps, flnaUy determinable only by 
them. To inquire after the possible time in which gravita- 
ting, magnetic, or electric force is exerted, is- no more metar 
physical than to mark the times of the hands of a clock in 
their progress ; or that of the temple of Serapis and its ascents 
and descents ; or the periods of the occultations of Jupiter's 
satellites ; or that in ■which the light from them, conies to tht 
earth. Again, ia some of the known c^es of action in time, 
something hapjwns whilst tlie time is passing which did not 
happen before, and does not continue aflcr ; it is, therefore, 
not metaphysical to expect an effect in every case, or to en- 
deavoar to discover its existence and determine its nature. 
So in regard to the pi-inciple of the conservation of force ; I 
do not think that to admit it, and its consequences, whatever 
they may be, is to be metaphysical ; on the contrary, if that 
word have any application to physics, then I think that any 
hypothesis, -whether of heat, or electricity, or gravitation, or 
any other form of force, which either -willingly or unwillingly 
dispenses with the principle of conservation, is more liable to 
the charge than those which, by including it, become so far 
more strict and precise. 

Supposing that the truth of the principle of the conserva- 
tion of force is assented to, I come to its uses. No hypothesis 
should be admitted, nor any assertion of a fact credited, that 
denies the principle. No view should be inconsistent or in- 
compatible with it. Many of our hypotheses in the prcscat 
state of science may not comprehend it, and may be unable 
to suggest.its consequences; but none should oppose or con- 
tradict it. 

If the principle be admitted, we perceive at once that a 
theory or definition, though it may not contradict the princi- 
ple, cannot be accepted as sufficient or complete unless the 
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former be contained in it ; that howeTcr well or perfectly the 
definition may include and represent the state of things com- 
monly considered under it, that state or result is only partial, 
and must not be accepted as exhausting the power or being 
the full equivalent, and therefore caimot be considered as 
representing its whole nature ; that, indeed, it may express only 
a very small part of the whole, ooly a residual phenomenon, 
and hence give us but little indication of the full natural truth. 
Allowing the principle its force, we ought, in every hypothe- 
sis, either to account for its consequences by saying what the 
changes are when forco of a given tind apparently disappears, 
as when ice thaws, or else should leave space for the idea of 
the conversion. If any hypothesis, more or less trustworthy 
on other accounts, is insufScient in expressing it or incompat- 
ible with it, the place of deficiency or opposition should be 
marked as the most important for examination, for there lies 
the hope of a discovery of new laws or a new condition of 
force. The deficiency should never be accepted as satisfac- 
tory, but be remembered and used as a stimulant to further 
inquiry ; for conversions of force may here be hoped for. 
Suppositions may he accepted for the time, provided they are 
not in contradiction with the principle. Even an increased or 
diminished capacity is better than nothing at all, because such 
a supposition, if made, must he consistent with the nature of 
the origuial hypothesis, and may, therefore, by the application 
of experiment, be converted into a further test of probable 
truth. The case of a force simply removed or suspended, 
without a transferred exertion in some other direction, appears 
to me to bo absolutely impossible. 

If the principle be accepted as true, we have a right to 
pursue it to its consequences, no matter what they may be. 
It is, indeed, a duty to do so. A theory may bo perfection, 
OS far as it goes, but a consideration going beyond it, is not 
for that reason to he shut out. "We might as well accept our 
limited horizon as the limits of the world. No magnitude, 
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eitlier of the phenomena or of the results to be dealt with, 
should stop our exertions to ascertain, by the use of the prin- 
ciple, that something remains to he discovered, and to trace 
in what direction that discovery may lie. 

I will endeavour to illustrate some of the points which 
have been urged, by reference, in the first instance, to a case 
of power, whieh has long had great attractions for me, be- 
cause of its extreme simplicity, its promising nature, its uni- 
versal presence, and in its invariability under like circum- 
stanecH ; on whieh, though I have experimented* and as yet 
failed, I think experLment would be well bestowed, I mean the 
force of gravitation. I believe I represent the received idea 
of the gravitatii^ force aright in saying that it is a simple at- 
tractive force exerted between any two or all the partides or 
riKMses of matter, at every sensible distance, but vnth a strength 
varying inversely as the square of the distance. The usual 
idea of the force implies direct action at a distance ; and such 
a view appears to present little difficulty except to Newton, 
and a few, including myself, who in that respect may be of 
like mind with him. 

This idea of gravity appears to mo to ignore entirely the 
principle of the conservation of force ; and by the terms of 
its definition, if taken in an absolute sense, " varying inversely 
as the square of the distance," to be in direct opposition to it, 
and it becomes my duty now to point out where this contra^ 
diction occurs, and to use it in illustration of the principle of 
conservation. Assume two particles of matter, A and B, in 
Ireo space, and a force in each or in both by which they gravi- 
tate towards each other, the force being imalterable for an 
unchang^g distance, but varying inversely as the square of 
the distance when the latter varies. Then, at the distance of 
ten, the force may be estimated as one ; whilst at the distance 
of one, that is, one-tenth of the former, the force will be one 

* Philosopliiciil TransactLoiL'', 1851, p. 1. 
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humlred ; and if we suppose an elastic spring to be intro- 
duced between tbe two as a measure of the attractive force, 
the power compressing it will be a hundred times as much in 
the latter case as in the former. But from whence can this 
enormous increase of power come? If we say that it is the 
charaefer of this force, and content ourselves with that as a 
sufficient answer, then it appears to me we admit a creation 
of power and that to an enormous amount ; yet by a change 
of condition, so small and simple as to fail in leading the least 
instructed mind to think that it can be a sufficient cause, we 
should admit a result which would equal the highest act our 
minds can appreciate of the working of infinite power upon 
matter ; we should let loose the highest law in physical sci- 
ence which otn- faculties permit as to perceive, namely, the 
comervation of force. Suppose the two particles, A and B, 
removed back to the greater distance of ten, then the force of 
attraction would be only a himdredth part of that they pre- 
viously possessed ; this, according to tlie statement that the 
force varies inversely as the square of the distance, would 
double the strangeness of the above results ; it would be an 
annihilation of force — an effect equal in iis infinity and its 
consequences with creation, and only within the power of Him 
who has created. 

We have a right to view gravitation under every form that 
either its definition or its effects can suggest to the mind ; it 
is our privilege to do so with, every force in nature ; and it is 
only by so doing that we have succeeded, to a large extent, in 
relating the variotis forms of power, so as to derive one from 
another, and thereby obtain confirmatory evidence of the 
great principle of the conservation of force. Then let us 
consider the two particles, A and B, as attracting each other 
by the force of gravitation, under another view. According 
to the definition, the force depends upon both particles, and if 
the particle A or B were by itself, it could not gravitate, that 
is, it could have no attraction, no force of gravity. Suppos- 
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ing A to exist ia that isolated state and without gravitafing 
force, and. then B placed in relation to it, gravitation comea 
on, as is supposed, on the part of both. Now, without try- 
ing to imagine how B, which had no grayitating force, can 
raise up gravitating force ia A ; and how A, cquaUy without 
force beforehand, can raise up force in B, still, to imagine it 
as a fact done, is to adiait a creation of force in both parti- 
cles ; and so to bring ourselves within the impossible conse 
quences which have been already referred to. 

It may be said we cannot have an idea of one particle bj 
itself, and so the reasoning fails. For my part I can compre- 
hend a particle by itself just as easily as many particles ; and 
tliough I cannot conceive the relation of a lone particle to 
gravitation, according to the limited view which is at present 
taken of that force, I can conceive its relation to something 
which, causes gravitation, and with which, whether the parti- 
cle is alone, or one of a universe of other particles, it is al- 
ways related. But the reasoning upon a lone particle does 
not fail ; for as the particles can be separated, we can easily 
conceive of the particle B being removed to an infinite dis- 
tance from A, and then the power in A will be infinitely di- 
minished. Such removal of B will bo as if it were annihi- 
lated in regard to A, and the force in A will be annihilated 
at the same time ; so that the case of a lone particle and that 
where different instances only are considered become one, be- 
ing identical with each other in their consequences. And as 
removal of B to an infinite distance is as regards A annihila- 
tion of B, so removal to the smallest degree is, in principle, 
the same thing with displacement through infinite space ; the 
smallest increase in distance involves annihilation of power ; 
Ihe annihilation of the second particle, so as to have A alone, 
involves no other consequence in relation to gravity ; there is 
difference in degree, but no dificrence in the character of the 
result. 

If seems hardly nccessaiy to observe, that the same line 
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of thought grows up" in the mind, if we consider the inutua. 
gravitating action of one particle and many. The particle A 
will attract the particle B at the distance of a nule with a 
certain degree of force ; it will attract a particle C at the 
same distance of a mile with a power equal to that by which 
it attracts B ; if myriads of like particles bo placed at the 
given distance of a mile, A will attract each with equal force ; 
and if other particles be accumulated round it, within and 
without the sphere of two miles diameter, it will attract them 
all with a force varying inversely with the square of tlie dis- 
tance. How are we to conceive of this force growing up in 
A to a million-fold or more, and if the surrounding particles 
be then removed, of its diminution in an equal degree? Or, 
how are we to look upon the power raised up in all these 
outer particles by the action of A on them, or by their action 
one on another, without admitting, according to the hmited 
definition of gravifatioo, the facile generation and annihilation 
of force? 

The assumption which we make for the time with regard 
to the nature of a power (as gravity, heat, etc.), and the 
form of words in which we express it, that is, its definition, 
should he consistent with the fundamental principles of force 
generally. The conservation of force is a fundamental prin- 
ciple ; hence the assumption with regard to a particular form 
of force ought to imply what becomes of the force when its 
action is increased or diminished, or its direction changed ; or 
else the assumption should admit that it is deficient on that 
pomt, being only half competent to represent the force ; and, 
in any case, should not be opposed to the principle of conser- 
vation. The usual definition of gravity as an attractive force 
between the particles of matter tabyisg inversely as the square 
of the distance, whilst it stands as a full definition of the 
power, is inconsistent with the principle of the conservation 
of force. If we accept the principle, such a definition must 
be an imperfect account of the whole of the force, and i? 
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probably only a description of one exercise of that power, 
whatever the nature of the force itself may be. If the defi 
nition be accepted as tacitly including the coneerration of 
force, flien it ought to admit that consequences most occur 
during the suspended or diminished degree in its power as 
gravitation, equal in importance to the power suspended or 
hidden ; being in fact equivalent to that diminution. It ought 
also to admit, that it is incompetent to suggest or deal with 
any of the conseqaences of that changed part or condition of 
the force, and cannot tell whether they depend on, or are re- 
lated to, conditions external or internal to the gravitating par- 
ticle ; and, as it appears to me, can say neither yes nor no to 
any of the arguments or probabilities belonging to the subject. 

If the definition denies the occurrence of such contingent 
results, it seems to me to be unphilosophical ; if it simply ig- 
nores them, I think it is imperfect and insufficient ; if it ad- 
mits these things, or any part of them, then it prepares the 
natural philosopher to look for effects and conditions as yet 
unknown, and is open to any degree of development of the 
consequences and relations of power ; by denying, it opposes 
a dogmatic barrier to improvement ; by ignoring, it becomes 
in many respects an inert thing, often much in the -way ; by 
admitting, it rises to the dignity of a stimulus to investigation, 
a pilot to human science. 

The principle of the conservation of force would lead us 
to assume, that when A and B attract each other less, be- 
cause of increasing distance, then some other exertion of 
power, cither within or without them, is proportionately grow- 
ing up ; and agam, that when their distance is diminished, as 
from ten to one, the power of attraction, now increased a 
hundred-fold, has been produced out of some other form of 
power which has been cquivalcntly reduced. This enlarged 
assumption of the nature of gravity is not more metaphysical 
than the half assumption ; and is, I believe, more philosophi- 
eal and more in accordance with all physical considerations. 
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The Half assumption is, ia my view of tte matter, more do^ 
matic and irrational than the ■whole, because it leaves it to be 
understood that power can be created and destroyed almost at 
pleasure. 

When the equivalents of the various forms of force, as far 
as they are known, are considered, their differences appear 
very great ; thus, a grain of water is known to have electric 
relations equivalent to a very powerful flash of lightning. It 
may therefore be supposed that a very large apparent amount 
of the force causing the phenomena of gravitation, may be 
the equivalent of a very small change in some unknown con- 
dition of the bodies, whose attraetion is varying by change of 
distance. For my own part, many considerations urge my 
mind toward the idea of a cause of gravity, which is not res- 
ident in the particles of matter merely, but constantly in 
them, and all space. I have already put forth considerations 
regarding gravity which partake of this idea,* and it seems 
to have been unhesitatingly accepted by Newfon.| 

There is one wonderful condition of matter, perhaps its 
only true indication, namely, iJieriJa; but in relation to the 
ordinary definition of gi-avity, it only adds to the difiiculty. 
For if we consider two particles of matter at a certain dis- 
tance apart, attracting each other tmder the power of gravity, 
and free to approach, they will approach ; and when at only 
hidf the distance, each will have had stored up in it, because of 
its inertia, a certain amount of mechanical force. This must 

' Proceedings of the Royal Institution, 1855, vol. ii., p. 10, etc. 

f " Tliat gravitj should be innate, inherent, and essential to matter, bo 
that one bodj may act upon another at a distance, through a taeuwn, witb- 
out the mediation of any tMng else, by and Ibrongh whicli their action and 
force may be conveyed from one \a another, is to me so groat on absuvdity 
that I belieTO no man who has in philosophical matters a competent fac- 
ulty of tluntJng, can ever fall into it. Gravity must be caused by an agcntj 
acUug constantly according to ccrt^ laws ; but whether tbia agwt be ma- 
terial or irarual«cial I have left to tho eonsideratiOQ of my reader." — Set 
Femlon's Tliird LeIIer ft) BeidUi/. 
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bo due to the force exerted, aad, if the conservation principle 
ha true, mast have consumed an equivalent proportion of the 
cause of attraction ; and yet, according to the definition of 
gravity, the attractive force is not diminished thereby, bat 
increased four-fold, the force growing up within itself the 
more rapidly, the more it is occupied in producing other force. 
Oa the other hand, if mechanical force from without be used 
to separate the particles to twice their distance, this force is 
not stored np in momentum or by inertia, but disappears ; and 
three-fourths of the attractive force at the first distance disap- 
pears with it. How can this be ? 

We know not the physical condition or action imm which 
inertia results ; but inertia is always a pure case of the con- 
servation of force. It has a strict relation to gravity, as ap- 
pears by the proportionate amount of the force which gravity 
can communicate to the inert body ; but it appears to have 
the same strict relation to other forces acting at a distance as 
those of magnetism or electricity, when they are so applied 
by the tangential balance as to act independent of the gravi- 
tating force. It has the like strict relation to fores communi- 
cated by impact, pull, or in any other way. It enables a 
body to tdke up and con=Lrvo a given amount of force until 
that force is transferred to other bodies, or changed into an 
equivalent of some other form ; that is all that we perceive 
in it , and we cannot Imd a more striking instance amongst 
natural, or possible phenomena, of the necessity of the con- 
servation of iorte as a law of nature ; or one more in con- 
trast with the assumed variable condition of the gravitating 
force "iupposed to reside m the particles of matter 

Even gravity itself furnishes the strictest proof of th.6 con- 
servation of force in this, that its power is nncbanguable for 
the same distance ; and is by that in striking conti-aat wifli 
the variation which we assume in regard to the came of grav- 
ity, to account for the results at difierent distances. 

It will n<it be imagined for a moment tliat I a 
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to Tvhai may be called the lavs of gravitating action, that is, 
the law by which all the known effects of gravity are gov 
erned ; what I am considering is the definition of the, force oi 
gravitation. That the.result of one exercise of a power may 
be inversely as the square of the distance, I believe and ad- 
mit ; and I know that it is so in the ease of gravity, and has 
been verified to an extent that could hardly have been within 
the conception even of Newton himself when he gave utter- 
ance to the law ; but that the totality of a force can he em- 
ployed according to tliat law I do not believe, cither in rela- 
tion to gravitation, or electricity, or magnetism, or any other 
supposed form of power. 

I might have drawn reasons for urging a continual recol- 
lection of, and reference to, the principle of the conservation 
of force from other forms of power than that of gravitation ; 
but I think that when founded on gravitating phenomena, 
they appear in their greatest simplicity ; and precisely for this 
reason, that gravitation has not yet been connected by any 
degree of convertibility with the other forms of force. If I 
refer for a few minutes to these other forms, it is only to 
point in their variations, to the proofs of the value of the 
principle laid do^vn, the consistency of the known phenomena 
with it, and the suggestions of research and discovery which 
arise from it. Heat, for instance, is a mighty form of power, 
and its effects have been greatly developed ; therefore, assump- 
tions regarding its nature become useful and necessary, and 
philosophers try to define it. The most probable assumption 
is, that it is a motion of the particles of matter ; but a view, 
at one time very popular, is, thai it consists of a particular 
fluid of heat. Whether it be viewed iu one way or the other, 
the principle of conservation is admitted, I believe, with all its 
force. "When transferred from one portion to another portion 
of like matter, the full amount of heat appears. "When trans- 
ferred to matter of another kind an apparent excess or defi- 
ciency often results ; the word " capacity" is then introduced, 
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wHch, while it acknowledges the principle of conaervation, 
leaTCS space for research, ^Vhen employed in changing the 
state of bodies, the appearance and disappearance of the heat 
is provided for consistently by the afisumption of enlarged or 
diminished motion, or else space is left by the term " capa- 
city" for the partial Tiews which remain to be developed. 
When converted into mechanical force, in the steam or air 
engine, and so brought into direct contact with gravity, being 
then easily placed in relation to it, stiU the conservation of 
force ia fully respected and wonderfully sustained. The con- 
stant amount of heat developed in the whole of a voltaic cur- 
rent described by M. P. Fayre,* and the present state of the 
knowledge of thermo-electricity, are again fine, partial, or 
subordinate illustrations of the principles of conservation. 
Even when rendered radiant, and for the time giving no trace 
or signs of ordinary heat action, the assumptions regarding 
its nature have provided for the belief ia the conservation of 
force, by admitting either that it throws the ether into an 
equivalent state, in sustaining which for the time the power 
is engaged ; or else, tliat the motion of the particles of heat 
is employed altogether in their own transit from place to 
place- 
It is true that heat often becomes evident or insensible in 
a manner uokaown to us ; and we have a right to ask what 
is happening when the heat disappears in one part, as of the 
thermo-voKaic current, and appears in another ; or when it 
enlarges or changes the stato of bodies ; or what would hap- 
pen, if the heat being presented, such changes were purposely 
opposed. We have a right to ask these questions, but not to 
ignore or deny the conservation of force ; and one of the 
highest uses of the principle is to suggest such inquiries. Ex- 
plications of similar points are continually produced, and will 
be most abundant from the hands of those who, not desiruig 

* Comtes Keadug 1SH4, vol. xxxis., p. 1212. 
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to ease their labour by forgetting the principle, are ready to 
admit it, either tacitly, or, better Btill, effectiYely, being then 
continuaUy guided by it. Such philosophera believe that heat 
must do its equivalent of work; that if in doing wort it 
seem to disappear, it is still producing its equivalent effect, 
though often in a manner partially or totally unknown ; and 
that if it give rise to another form of force (as we imperfectly 
express it), that force is equivalent in power to the heat which 
has disappeared. 

What is called chemical attraction affords equally instruc- 
tive and suggestive considerations in relation to tlie principle 
of the cooservalioa of force. The indestructibility of indi- 
vidual matter is one case, and a most important one, of the 
conservation of chemical force. A molecule has been en- 
dowed with powers which ^ve rise in it to various qualities, 
aad these never change, either in their nature or amount. A 
particle of oxygen is ever a particle of oxygen — nothing can 
in the least wear it. If it enters into combination and disap- 
pears as oxygen — if it pass through a thousand combinations, 
animal, vegetable, mineral — if it lie hid for a thousand years 
and then be evolved, it. is oxygen with its first qualities, nei- 
ther more nor less. It has all its original force, and only 
that; the amount of force which it disengaged when hiding 
itself has again to be employed in a reverse direction when it 
is set at libor^ ; and if, hereafter, we should decompose oxy- 
gen, and find it compounded of other particles, we should only 
increase the strength of the proof of the conservation of 
force, for we should have a right to say of these particles, 
long as they have been hidden, all that we could say of the 
oxygen itself. 

Again, the body of facts included in the tlieory of definite 
proportions, witnesses to the troth of the conservation of 
force ; and though we know little of the cause of the chango 
of properties of the acting and produced bodies, or how the 
forces of the former are hid amongst those of the latter, we 



;d by Google 



CllEsnCAL AOnOH AT A DISTASCE. 373 

do Qot for au inatant doubt the conaervation, but arc moved 
to look for the maimer in wMcli the forces are, for the time, 
disposed, or if they have taken up another form of force, to 
search -what that form may be. 

Evea chemical actioa at a distance, which is in such an- 
ti thetical contrast with the ordinary exertion of chemical affin- 
ity, since it can produce effects miles away from the particle'* 
on which they depend, and which are effectual only by forces 
acting at insensible distances, still proves the same thing, the 
conservation offeree. Preparations can be made for a chem- 
ical action in the simple voltaic circuit, but nntH the circuit 
be complete that action docs not occur ; yet in completing we 
can so arrange the circuit, that a distant chemical action, the 
perfect equivalent of the dominant chemical action, shall be 
produced; and tliis result, whilst it establishes the electro- 
chemical equivalent of power, establishes the principle of the 
conservation of force also, and at the same time suggests 
many collateral inquiries which have yet to he made and 
answered, before all that concerns the conser\-ation in this 
■Mse can be understood. 

This and other instances of chemical action at a distance 
carry our inquiring thoughts on from the facts to the physical 
mode of the exertion of force ; for the qualities which seem 
located and fixed to certain particles of matter appear at a 
distance in connection with particles altogether different. 
They also lead our thoughts to the conversion of one form of 
power into another ; as, for instance, in the Aeai which the 
elements of a voltaic pile may either show at the place where 
they act by their combustion or combination together, or in 
the distance, where the electric spark may be rendered mani- 
fest ; or in the wire of fluids of the different parts of the 
drcait. 

■ When we occupy ourselves with the dual forras of power, 
electricity, and magnetism, we find great latitude of assump- 
tion, and necessarily so, for the powers become more and 
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more complicated in their conditions. But still there is no 
apparent desire to let loose the force of the principle of con- 
servation, even in those cases where the appearance aad dis- 
appearance of force may seem most eTidenfc and striking. 
Electricity appeara when there is consumption of no other 
force than that rei^nired for friction ; we do not know how, 
but wo search to know, not being willing to admit that tbe 
electric force can arise out of nothing. The two olcctricitiea 
are developed in equal proportions ; and having appeared, we 
may dispose variously of the influence of one upon aucccBsive 
portions of the otlier, causing many changes in relation, yet 
never able to make the sum of the force of one Idnd in (he 
least degree exceed or come short of the sum of the other. 
In that necessity of equality, we see another direct proof of 
the conservation of force, in tbe midst of a thousand cbangea 
that require to be developed in their principles before wo 
can consider this part of science as even moderately known 
to us. 

One assumption with regard to olcctricity is, that there is 
an electric fluid rendered evident by excitement in plus and 
minus proportions. Another assnmption is, that there are 
two fluids of electricity, each particle of each repelling all 
particles like itself, and attracting all particles of the other 
kind always, and with a force proportionate to tbe inverse 
square of tbe distance, being so far analogous to the deflni- 
tiott of gravity. This hypothesis is antagonistic to tha law 
of the conservation of force, and open to all the objections 
that have been, or may be, made against the ordinary defini- 
tion of gravity. Anotber assumption is, that each particle of 
the two electricities has a given amount of power, and can 
only attract contrary particles with the anm of that amount, 
acting upon each of two with only balf the jiowcr it could in 
like circumstances exert upon one. But various as are the 
assumptions, the conservation of force (though wanting in the 
second) is, I tiiink, intended to be included in all. I might 
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repeat the same obsorrations nearly in regard to magnetism- 
whether to be assumed as a fluid, or two fluids or electric cur 
rents-r-whether the external action ho supposed to be action 
at a distance, or dependeat on aa external condition and 
lines of force — stiU, all aro intended to admit the conservar 
tion of power aa a principle to which the phenomena are ■ 
subject. 

Tlie principles of physical knowledge are now so far de- 
veloped as to enable us not merely to define or describe the 
hncnim, but to stato reasonable expectations regarding the 
■umknoim, ; and I think the principle of the conservation of 
force naay greatly aid experimental philosophers in that duty 
to science, which consists in the enunciation of problems to 
be solved. It will lead ue, in any case where the force re- 
maining unchanged in form is altered in directiou only, to 
look for the new disposition of the force ; as in the cases of 
magnetism, static electricity, and perhaps gravity, and to as- 
certain that as a whole it remains unchanged in amount — or, 
if the original force disappear, either altogether or in part, it 
will lead us to look for the new condition or form of force 
which should result, and to develop its equivalency to the 
force that Las disappeared. Likewise, when force is devel- 
oped, it will cause us to consider the previously-existing equiv- 
alent to the force so appearing ; and many such cases there 
are in chemical action. When force disappears, as in the 
electric or magnetic induction ailer more or less discharge, or 
that of gravity with an increasing distance, it will suggest a 
research as to -whether the equivalent change is one within 
tlie apparently acting bodies, or one extemai (in part) to 
them. It will also raise up inquiry as to the nature of the 
internal or external state, both before the change and after. 
If supposed to-be external, it will suggest the necessity ot a 
physical process, by which the power is communicated from 
body to body ; and in tbe case of external action, will lead 
to the inquiry whether, in any case, there can be truly action 
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at a distance, or whether the ether, or some other medium, it 
not necessarily present. 

We are not permitted as yet to see the nature of the source 
of physical power, but wo are allowed to see much of the 
coasisteney existing amongst the various forms in which it is 
presented to us. Thus, if, in static electricity, we consider 
an act of induction, we can perceive the consistency of all 
other like acts of induction with it. If we then take an elec- 
tric current, and compare it with this inductive effect, we see 
their relation and consistency. In the same manner we have 
arrived at a knowledge of the conaislency of magnetism with 
electricity, and also of chemical action and of heat with all 
the former ; and if we see not the consistency between gravi- 
tation with any of these forms of force, I am strongly of the 
mind that it is because of bur ignorance only. How imper- 
fect would our idea of an electric current now be, if we were 
to leave out of sight its origin, its static and dynamic induc- 
tion, its magnetic influence, its chemical and heating effects ; 
or our idea of any one of these results, if we left any of tlie 
others onregarded? That there should be a power of gravita- 
tion existing by itself, having no relaiion to the other nat-wrai 
powers, and no respect to the law of the coTiservation, of force, 
is as little hkely as that there should be a principle of levity 
as well as of gravity. Gravity may bo only the residual part 
of the other forces of nature, as Mositi Las tried to show ; 
but that it should fall out from the law of all other force, and 
should be outside the reach either of further experiment or 
philosophical conclusions, is not probable. So we must strive 
to learn more of this outstanding power, and endeavour to 
avoid any definition of it which is incompatible with the prin- 
ciples of force generally, for all the phenomena of nature lead 
us to believe that the great and governing law is one. I 
would much rather incline to believe that bodies affecting 
each other by gravitation act by lines of force of definite 
amount (somewhat in the manner of magnetic or electric in- 
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Auction, though with polarity), or by an ether pervading all 
parts of space, than admit that the conservation .of forco 
conld he dispensed with. 

It may be supposed, that one who has little or no mathe 
raatieal knowledge should hardly assume a right to judge oi 
the generality and force of a principle, such as that which 
forms the subject of these remarks. My apology ia tiiia ; I 
do not perceive that a mathematical mind, simply as such, ha? 
aay advantage over an equally acute mind not loathematical 
in perceiving the nature and power of a natural principle of 
action. It cannot of itself introduce the knowledge of any 
new principle. Dealing with any anl every amount of static 
electricity, the matheniotical mind has halanced and adjusted 
them with wonderful advantage, and h<is foretold results 
which the experimentalist can do no more fhtn verify. But 
it could not discover dyaamic-electrioity, nor electro-magnet- 
ism, nor magneto-electricity, or even surest them ; though 
when onc« discovered by the experimentalist, it can take them 
up with extreme facility. 

So in respect of the force of gravitation, it lias calculated 
the results of the power in such a wonderful manner as to 
trace the known planets through their courses and perturba- 
tions, and in so doing Las discovered a planet before unknown ; 
but there may be results of the gravitating force of other 
kinds than attraction inversely as the square of the distance, 
of which it knows nothing, can discover nothing, and can 
neither assert nor deny their possibility or occurrence. Under 
these circumstances, a principle which may be accepted as 
equally strict with mathemafii?al knowledge, comprehensible 
without it, applicable by aU in their philosophical logic, what- 
ever form that may take, and above all, suggestive, encour- 
aging, and instructive to tbe mind of the experimentalist, 
ehould be the m.ore earnestly employed and the more fre- 
quently resorted to when we are labouring either to discover 
new regions of science, or to map out s 
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which are known into one harmomous whole ; and if in sadh 
strivings, wc, whilst applying the principle of conservation, 
see but imperfectly, stilt wc should endeavour to see, for even 
an obscure and distorted vision is better than noue. Let us, 
if we can, discover a new thing in any shape ; the true ap- 
pearance and character wiU be easily developed afterwards. 

Some are much surprised that I should, as they think, 
yenture to oppose the conclusions of Newton ; but here there 
is a mistake. I do not oppose Newton on any point ; it ia 
ratter tiiose who sustwn the idea of action at a distance, that 
contradict him. Doubtful as I ought to be of myself, I am 
certainly very glad to feci that my convictions are in accord- 
ance with his conclusions. At the same time, those who oc- 
cupy themselves mth such matters ought not to depend alto- 
gether upon authority, but should find reason within them- 
selves, after careful thought and eonsideration, to use and 
abide by their own judgment. Newton himself, whilst refer- 
ring to. those who were judging his views, speaks of such as 
.are eompetont to form an opinion in such matters, and makes 
a, strong distinction between them and those who were incom- 
petent for the case. 

But after all, the principle of the conservation of force 
may by some be denied. Well, then, if it be unfounded even 
in its application to the smallest part of the science of force, 
the proof mnst be within our reach, for all physical science 
is so. In that case, discoveries as large or larger than any 
yet made, may be anticipated. I do not resist the search for 
them, for no one can do harm, but only good, who works 
with an earnest and truthful spirit in snch a direction. But 
let us not admit the destrui:tion or creation of force without 
clear and constant proof. Just as the chemist owes all the 
perfection of his science to his dependence on the certainty 
of gravitation applied by the balance, so may the physical 
philosopher expect to find the greatest security and the utmost 
aid in the principle of the conservation of ibice. All that 
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we have that is good and safe, as the steam-engine, the elec- 
tric-telegraph, &c., witness to that principle — it would require 
a perpetual motion, a fire without heat, heat without a source, 
action without reaction, cause with effect, or effect without a 
cause, to displace it from its rank as a law of nature. 



During the year that haa passed since the puhKcation of 
the foregoing views regarding gravitation, &c., I have come to 
the knowledge of various ohservations upon them, some 
adverse, others favourable : these have given me oo reason to 
change my own mode of viewing the subject ; but some of 
them make me think that I have not stated the matter with 
sufficient precision. The word " force" ia understood by 
many to mean simply " the tendency of a body to pass from 
one place to another," which is equivalent, I suppose, to the 
phrase " mechanical force ; " those who so restrain its mean- 
ing must have found my argument very obscare. ■ What I 
mean by the word " force," is the cause of a physical action ; 
tiie soiu-ce or sources of all possible changes amongst the 
particles or materials of the universe. 

It seems to me that the idea of the conservation of force is 
absolutely independent of any notion we may form of the 
nature of force or its varieties, and is as sure and may be as 
ffi-mly held in the mind, as if we, instead of being very 
ignorant, understood perfectly every point about the cause of 
force and the varied effects it can produce. There may be 
perfectly distinct and separate causes of what are called 
chemical actions, or electrical actions, or gi-avitating actions, 
constituting so many forces ; but if the " conservation of 
force" is a good and true principle, ea«h of these forces must 
be subject to it : none can vary in its absolute amount ; each 
must be definite at aU times, whether for a particle, or for all 
Ihe particles in the universe ; and the sum also of the three 
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forces must be equally unchangeable. Or, there may be but 
one cause for these tiiree sets of actions, and in place of three 
forces we may really have but one, convertible in its mauifes- 
tations ; then the proportioas between one set of actions and 
another, as the chemical and the electrical, may become very 
variable, so as to be utterly inconsistent with the idea of the 
coaservalion of two separate forces (the electrical and 
the chemical), but perfectly consistent witb tlie conservation 
of a force, being the common cause of the two or more seta 
of action. 

It is perfectly ti-ue that we cannot always trace a force by 
its actions, though we admit its cons a on O y en and 
hydrogen may remain mixed for year w thout h w ng any 
signs of chemical activity ; they may be made at any given 
instant to exhibit active results, and th a assume a new 
state, in which again they appear as p s e bo 1 e Now, 
though we cannot clearly explain wh t the ch m al force is 
doing, that is to say, what are its effects during the three 
periods before, at, and after the active combination, and only 
by very vague assumption can approach to a feeble concep- 
tion of its respective states, yet we do not suppose the creation 
of a new portion of force for the active moment of time, or 
the less believe that the forces belonging to the oxygen and 
hydrogen exist unchanged in their amount at aJl these periods, 
though varymg in their results, A part may at the active 
moment be thrown off as mechanical force, a part as radiant 
force, a part disposed of we know not how ; but believing, by 
the principle of conservation, that it is not increased or 
destroyed, our thoughts are directed to search out what 
at aU and every period it is doing, and how it is to be 
recognized and measured. A problem, founded on the 
physical truth of nature, is stated, and, being stated, is on tkt 
toay to its solution. 

Those who admit the possibility of the common origin of 
all physical force, and also actaowledgc the principle of con- 
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servatioa, apply that principle to the sum total of the force 
Though the amount of mechanical force (using habitual lan- 
guage for convenience sake) may remain unchanged and 
definite in ita character for a long time, yet when, as in the 
collision of two equal inelastic bodies, it appears to be lost, 
they find it in the form of heat ; and whether they admit that 
heat to be a continued mechanical action (as is most proba- 
ble), or assume' some other idea, as that of electricity, or 
action of a heat-fluid, stiU they hold to the principle of con- 
servation by admitting that the sum of force, i. e. of the 
" cause of action," is the same, whatever character the effects 
assume. With them the convertibility of heat, electricity, 
magnetism, chemical action and motion, is a familiar thought ; 
neither can I perceive any reason why they should be led to 
exclude, d priori, the cause of gravitation from association 
with the cause of these other j 
that they are limited by in their ^ 
whatever directions they may take, is the necessity of mak- 
ing no assumption directly contradictory of the conservation 
of force applied to the sum of a!l the forces concerned, and to 
endeavour to discover the diflerent directions in which the 
various parls of the total force have been exerted. 

Those who admit separate forces inter^unchangeable, 
have to show that each of these forces is separately subject 
to the principle of conservation. If gravitation be such a 
separate force, and yet its power in the action of two par- 
ticles be supposed to be diminished fourfold by donbling the 
distance, surely some new action, having true gravitation 
character, and (hat alone, ought to appear, for how else can 
the totahty of the force remain unchanged? To define the 
force as " a simple attractive force exerted between any two 
or- aU the particles of matter, with a strength varying in- 
versely as the square of the distance," ia not to answer the 
question ; nor does it indicate or even assume what are the 
other complementary results which occur ; or allow the sup 
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position that such are necessary : it is simply, as it appears 
to me, to deny the conservation of force. 

As to the gravitating force, I do not presume to say that I 
have the least idea of what occurs in two particles when their 
power of mutually approaching each other is changed by 
their being placed at different distances ; but I Iiave a strong 
conviction, through the influence on my mind of the doctrine 
of conservation, that there is a change ; and that the phe- 
nomena resulting from the change will probably appear some 
day as the result of careful research. If it he said that 
" 'twere to consider loo curiously to consider so," then I 
must dissent : to refrain to consider would be to ignore the 
principle of the conservation of force, and to stop the inquiry 
which it suggests — whereas to admit the proper logical force 
of the principle in. our hypotheses and considerations, and to 
permit its guidance in a cautious yet courageous course of in- 
vestigation, may give us power to enlarge the generalities wo 
already possess in respect of heat, motion, electricity, mag- 
netism, &c., to associate gravity with tLem, and perhaps 
enable us to know whether the essential force of gravitation 
(and oth«; attractions) is internal or external as respects the 
attracted bodies. 

Eetunjing once more to the definition of the gravitating 
power as " o simple attractive force exerted between any two or 
all ihe partides or masses of matter at every sensible distance, 
hvi vnth a strength vakxdjg inversely as the square of ihe 
distance," I ought perhaps to suppose there are many who 
accept this as a true and sufficient description of the force, and 
who therefore, in relation to it, deny the principle of conser- 
vation. If both are accepted and ore thought to he consist- 
ent with eaeh other, it cannot be dif&cult to add words 
which shall mako"varying strength" and "conservation" 
agree together. It cannot be said that the definition merely 
applies to the e_^ecls of gravitation as far as we know them. 
So understood, it would form no barrier to progress ; for, 
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tliat particles at different distances are nrged toTvard each 
otlier ■with a power varying inversely as tlie square of the 
diatance, is a truth : but the deBnition has not that mean- 
ing; and what I object to is the pretence of knowledge 
which the definition sets up when it assumes to describe, not 
the partial effects of the force, but the nature of the force 
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Jirsnra tob Liebio, bom at Darmstadt in 1803, after spending ten 
montlia in an apothecary's shop, entered the CniTerBity of Bonn in 181fl, 
and afterwards graduated in medicine in Erlangen. In 1822 he went to 
Paris, -where he studied chemistry two jeara. In 1824 he read a paper on 
the rulminatcs before the Prendi Institute, which attracted the attention of 
Humholdt, by whoso inflaraice he was appranted adjunct Professor of Chem- 
istry in the University of GieBien. He became professor of this inatitutioo 
in 1828, and established here the first laboratoiy in Germany tbr teachmg 
practical chemistry. In 1840 he published his " Chemistry In Its appllta- 
tiona to Agiicnlture and Phyaology," in the form of a report to the British 
Association. In 1842 he reported to the same body his work on "Animal 
Chemistry." About the same time appeared hia "Familiar Letters on 
Chemistry," which has since been rewritten and much estended. He is the 
author also of various other valuable works. He rcmdned at Glcsscn till 
1832, when he became professor and president of the laboratory in the 
University of Munich. In 1854 his friends in Europe contributed and pro- 
sented to him £1,000, and in 1860 he became President of the Academy of 
Sdences m Munich. Professor Liebig is a bold and intrepid investigator, 
and an ardent writer, who has made a profound impression npon his age. 
While some of his views have not been accepted hi the chemical world, and 
indeed have been abandoned by hunself, others have taken thdr place as 
valuable additions to the body of scientifio tmth. The chai^ that some of 
his doctrines have proved erroneous does not disturb him ; m the true sclen- 
Kfic spirit he replies, " Show me the man who makes no mistakes, and I will 
ihow you a man who has done nothing." 
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IT ia well known that our machines create no power, but 
only return what they have received. Tlie motion of a 
clock is produced by a weigM or a spring ; but it is the power 
of the human arm applied to stretch tho spring or elevate the 
weight, which is expended in the moyement of the wheels and 
pendulum in twenty-four hours, or in eight or fourteen days. 

A water-wheel gets in motion, in a mill, one or more mill- 
stones ; in a foundry, one or more hammers ; in saltworks 
or mines it pumps or raises weights to certain heights ; in 
factories, it communicates movements to looms, spinning ma- 
chines, and rollers. In aU these instances, the work per- 
formed by the water-wbeei is due to the force exerted by the 
falling water on the buckets, which sets the wheel in motion ; 
and this force must bo greater than the resistance presented 
by the different machines in operation. The performance of 
the machine ia measurable by this force. 

The work cf a steam-engine is executed by the movement 
of a piston upwards and downwards by the pressure of steam, 
jtist as a water-whee! is moved by the pressure of water. 
The cause of this pressure is heat, which is derived from the 
chemical process of combustion, and is absorbed by water. 
By this boat, steam is produced, and the necessary expansion 
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obtained for tlie movement of the piston. It is heat, in tLia 
last form, which performs the mochanicnl work of the ma- 

Eyeiy force acts by producing pressure either -from or tow- 
ards the centre of motion. In eyery machine in operation 
the amount of power is always measarahle by the resistance 
overcome ; and this again caa be expressed by corresponding 
weights, which that power is capable of raising to o certaia 
height. If one man raises by a pump, in one minute, 150 lbs. 
of wat«r, and another 200 lbs, ; or if one horse draws to a 
certain distance a load of 20 cwt., and another a load of 30 
cwt., it is evident that these numbers express the relative 
working power of these two men or horses. In mechanics, 
the working power of every machine is expressed in horse 
power, that is, a force capable of elevating in each second 75 
kilogrammes (^2^ lbs. avoirdupois) to a height of one meter 
(39-37 inches). 

The whole power communicated to a machine is not actu- 
ally available, but is in part lost hy frictioni For if two 
machines possess the same power, it is found that the greater 
quantity of work wiU be executed by the one which has to 
overcome the smaller ajnount of friction. la mechanics, 
friction is always regarded as acting in direct opposition to 
motion in every machine. It was believed that the working 
power of a machine could be absolutely annihilated by it. 

As the proximate cause of the cessation of motion, fHction 
was a palpable fact, and could as such be taken into account ; 
but a fatal error was comnaitted in giving a theoretical view 
of its mode of action. For if a power could be anniMlated, 
or, in other words, have nothing as its effect, then there would 
be no contradiction involved in the belief, that out of nothing 
also power could be created. To this erroneous idea we may 
partly trace the belief, held for centuries by moat able men, in 
the possibility of discovering a machine which should renew 
within itself its own power as it was expended, and thus ever 
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continue in motion, without the necessity for any external 
motive force. The discovery of such a perpetual motion was, 
indeed, worthy of every efibrt. It would be as valuable as 
the bird which lays the golden eggs ; for by its means laboui 
would be performed, and money made in abundance ivitbout 
any expenditure. 

A mass of fa«ts, hitherto oniatelligible, .have had mnch 
light thrown upon them by a more correct view of natural 
forces, for which we are indebted to a physician, I>r. Mayor, 
of Ileilbronn, and which, by the investigations of the most 
eminent natural philosophers and mathematicians, has attained 
a significance and importance scareclv to be foreseen. 

Accordmi^ to Dr Mayer forces are causes in \ hith full 
application ot the axiom must be lound that every cause 
must produce an efieit which corresi onda and 13 equal to tiie 
cause. Cmsa aguat effect m Thus if i cauie G produces 
an effect E then C = E Should the effect E bee me the 
cause of another effect e then also E = e = C In such a 
chain of causes and ciiecta no link or part of a link can ever 
become nothm" ^ noti la^ '^I oiil 1 1 ^tsyi causi- C have pro 
duced its corresponding effect E, then C ceases to exist, for 
it has been converted into E. Consequently, as C passes into 
E, and the latter into e, it follows that all these causes, as far 
as relates to their guantity, poaeess the property of indeslructi- 
biliiy, and to their quality that of eonvertibUiiy. In number- 
less cases we see a motion cease, without its usual effects 
being produced, such as lifting a weight or load ; but as the 
force which has caused the motion cannot be reduced to 
nothing, the question arises, what form has it assumed. Ex- 
perience gives the answer, by showing that wherever motion 
is arrested by friction, a blow, or concussion, heat is the re- 
salt. The motion is the cause of the beat. 

TTie rapid friction of two plates of metal can raise their 
temperature to redness, and cause the ebullition of water if 
the friction takes place below its surface. In like manrcr, 
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by rapid motion tlie iroa tires of carriage wlieela become fre- 
quently so liot that they cannot be touched. In grinding 
needle-points the steel is heated to redness, and the detached 
particles bum with sparka. The wooden breaks of railway 
carriages become frequently so hot by friction that their sur 
face emits an empyreumatic odour. By the friction of an 
iron grater, particles of white sugar can be melted and heated 
so far as to acquire the taste of burnt sugar (Caramel). The 
heat evolyed by the Iriction of two pieces of ice is sufBcient to 
melt them. 

In the English st^l-foundries a bar of steel 10 or 12 
inches long, by being teated at one end in a forge, is welded 
by hammering to another slender bar, 10 or 12 feet long, 
without the necessity of further direct application of heat — a 
point of great importance for the preservation of the good 
quality of the steel. Every spot on which the powerful blows 
of the hamnaer rapidly descend, becomes red hot, and to the 
spectators the red glow of heat appears to run up and down 
the bar. This glow is produced by the blows of the hammer, 
and corresponds to an amount of heat sufScicat to raise many 
pounds of water to the boOing point ; whilst the end of the 
bar heated in the fire would scarcely by itself raise to the 
same temperature as many ounces of water. 

According to the preceding views a precise connection 
exists between the blows of the hammer {the cause) and the 
heat produced (the effect) ; and natural philosophers have 
devised the most ingenious experiments to show this relation. 
The working power is in this case converted into heat. If 
the view of Mayer be correct, then should wo by this amount 
of heat thus obtained, be able to reproduce the same amount 
of worli, viz.,thc same number of blows of the hammer. But 
a closer view of the point shows that we require to elevate 
the hammer, and that therefore its working power was not 
inherent, but only lent to it. The hammer was elevated by a 
water-wheel set in motion by a certain weight of water falling 
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on ita buckets. Thus to raiao a hammer weighmg ten pounds 
to the height of one foot requires at least the fall of ten pounds 
weight of water from a height of a foot. It was then, properly 
speaking, this weiglit of falling water which produced the 
heat through means of the hammer. By simply altering the 
arrangement of the machinery, the same force would have 
caused a mill-stono to revolve with great rapidity on its axis, 
or raised by friction two iron disks to a red heat. 

From experiments instituted to elucidate this point, it has 
been established tliat 13,500 blows of a hammer, weighing 10 
pounds, falling on a bar of iron from a height of one foot, pro- 
duce an amount of heat sufBcient to raise oae pound of water 
from the freezing point to that of ebaUition, This fact may 
be represented in another way by saying, that 1,350 ewts. of 
water, falling from a height of one foot, will raise the temper- 
ature of 1 lb. of water from, freezing to the boiling point; or 
1,350 lbs. of water falling from the same lieiglit will raise one 
pound of water one degree in temperature, or in otlier words, 
that this amount of heat corresponds to a working power, 
capable of elevating 13|- cwt. to the height of one foot. 

"Wbcrever motion is lost in a machine by friction or by 
concussion, there is always produced a corresponding amount 
of heat. WLcn, on the other hand, a certain quantity of 
work is performed by heat, there disappears, with the ra,e- 
ciianical effect obtained, a certain amount of heat, which is 
expressed by saying that the heat lost by one pound of water 
in falling one degree in temperature, is equal to tlie elevation 
of 13^ cwt. to the height of one foot. This quantity of heat 
becomes then the equivalent or value of the working power 
expressed by the above nombers. 

This constant relation between heat and mechanical move- 
meat has been confirmed in the most varied r 
of metal is extonded by a weight, and on 
its original length, provided certain limits be not exceeded. 
The same effect ia produced by lieat ; and it is evident that 
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an equal force must be exerted by the rod ia its extension 
as in its contraction. Now, experiment has shown Ihat the 
relation expressed hy the numbers above given, must exist 
between a given extension of a bar of iron, and the heat or 
weight which has caused that extension, vis., tliat a quantity 
of heat sufScient to raise a pound of water one degree in 
temperature, will, when communicated to a bar of iron, en- 
able it to elevate a weight of 1,350 She. to the height of one 
foot. 

An interesting application of this fact was long ago made 
in the Conservatoire dea Arts et Metiers, in Paris. In this 
building, which was formerly a convent, the nave of the church 
was converted into a museum for industrial produi^ts, machines, 
and implements. In il3 arch, traversing its length, appeared 
a crack, which gradually increased to the width of several 
inches, and permitted the passage of rain and anov/. The 
opening could easily have been closed by stone and lime, but 
the yielding of the side wails would not have been prevented 
by these means. The whole building was on the point of 
being pulled down, when a natural philosopher proposed the 
following plan, by which the object was accomplished. A 
number of alrong iron rods were firmly fixed at one end to a 
side wjll of the nave, and after passing through tlie opposite 
wall were provided on the outside with large nuts, which 
were screwed up tightly to the wall. By applying burning 
straw to the rods, they extended in length. The nuts by this 
extension being now removed several inches from the wall, 
were again screwed tight to it. The rods on cooling con- 
tracted with enormous force, and made the side walla ap- 
proach each other. By repeating the operation the crack 
entirely disappeared. This building with its retaining roda 
is still in existence. 

The working power of a machine, set in motion by elec- 
tricity, can be expressed by numbers, in the same way aa the 
mechanical effect of heat. An electrical current is generated 
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by a rotating magnet or by solution of zinc in the galvaoic 
battery. Soch a curreat, in ctreulating through a thick oi 
thin Tvira, exhibits the same deportment as a fluid flowing 
through a wide or narrow tube. As a given qixantity of fluid 
requires more time or greater pressure to pass through a nar- 
row tube than through a large, so a thin wire offers a greater 
resistance than a thick one to the passage of & current of elec- 
tricity. The current is thus retarded and diminished, one 
portion only passing through the conductor, the other being 
converted into heat. According to the amount of heat thns 
produced by the conversion of the electricity, a conducting 
wire of platinum can be fused, one of gold fused and con- 
verted info vapour, and a considerable quantity of water 
brought into ^ iolent ebullition by passing the current through 
a Ihin platinum wire wound round a glass tube iu a spiral 

If the electrical current circulates through a wire wound 
spirally round a bar of iron, the latter is converted into a 
powerful magnet capable of attracting and carrying several 
hundred weights of iron. The electrical is converted into the 
magnetic force, by wLii h a machine may be set in motion. 
The power of attraction communicated to the iron bar is in 
ei.act proportion to the amount of electricity circulating in 
the aurrounding wire, and this current is again dependent on 
the property of the conductor. That portion of electricity 
which in the conductor ia converted into heat, produces no 
power of attraction in the iron bar. It follows, from the 
foregoing, that the quantity of electricity which cii'culates, of 
that which produces heat, and the amount of magnetic power 
convertible into working power, stand in the same relation to 
each other, as the working power produced in a machine by 
the pressure of falling water to the Leat generated by firiction 
and concussion in the same machine. The same amouut of 
electricity which, when converted into heat by the resistance 
of the conductor, raises by one degree the temperature of one 
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poand of water, generates a magnetic force capable of ele- 
vating a weigM of 13J cwt. to the height of one foot. 

If the metallic wire throagh which the electricity is cir- 
culating, be cut, and both ends immersed in water, a chemical 
decomposition of the water into hydrogen and oxygen takes 
place. The circulating electricity is converted into chemical 
affinity, and into a power of attraction which causes the sep- 
aration of the elements of water. With the evolution of the 
hydrogen and oxygen all traces of the electrical current dis- 
appear. The power to produce heat and magnetic force, the 
usual effects of the electrical current, is apparently in this 
case annihilated, and in its place we ohtain two gases, one of 
which, hydrogen, when burned in oxygen, reproduces water 
and evolves heat. Now it has been proved, by careful ex- 
periments, that an electrical current of a given strength, 
which, when converted into heat in a conductor, is capable 
of raising the temperature of a pound of water by one degree, 
will produce by the decomposition of water a quantity of hy- 
drogen, by the combustion of which one pound of water can 
also be elevated one degree in temperature. 

The heat and power of attraction which were apparently 
lost by the decomposition of the water, bad only become 
latent, so to speak, in the elements of water. This heat is 
again set free on the reunion of these elements, and if eon- 
vertfid into working power, would produce the same result 
(viz., raising a given weight a foot high) as woald have been 
effected by a magnetic power generated by a quantity of elec- 
tricity circulating round a bar of iron, equal to that which 
was originally employed in the decomposition of the water. 

The electrical current is the consequence of a chemical 
action, and the amount of electricity which circulates can 
therefore he nacasured by the quantity of zinc which is dis- 
solved. The chemical force (affinity) is converted by the 
solution of the zinc into a corresponding quantity of clec 
trioity ; and this again in the conductor into its equivalent of 
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heat, or into magnetic force, or, as in the ease of the decom- 
poaition of water, into chemical force. In no case is there a 
diminution or increase of force. If, according to the materi- 
alist, matter is indestructible, the same holds good with regard 
to force. It ia not extinguished ; its apptffent annihilation, 
its disappearance, is only a conversion into some other form. 

Wq know now the origin of the heat and light which 
warm and illuminate our dwellings, of the heat and power 
generated in our bodies by the vital process. Hants are the 
one source of all materials used for the production of heat 
and lighl, and of that nourishment which must be daily taken 
to maintain the phenomena of vitality. The elements of 
plants are earthy in their nature, and are obtained from 
water, earth, and air. In plants, certain inorganic com- 
pounds — carbonic acid, water, and ammonia — are decom- 
posed. The carbon of the carbonic acid, the hydrogen of 
the water, and the nitrogen of the ammonia^ are retained as 
constitnenta of their organs, but the oxygen of the carbonic 
acid and of the water are returned as gas to the air. With 
out light, however, plants cannot grow, 

The vital process ia plants exhibits itself as directly oppo- 
8it« in its character to the chemical process in the formation 
of salts. 

Carbonic acid, water, and zinc, when brought together pro- 
duce a certain effect on each other. In virtue of chemical 
affinity there is formed a white powdery compound, contain- 
ing carbonic acid, zinc, and oxygen from the water, and 
hydrogen is at the same time evolved. 

In plants, the living bud or part of the phint takes the 
place of the zinc. By their growth are formed, from carbonic 
acid and water, compounds containing carbon and hydrogen, 
or carbon and the elements of water, and oxygen is at the 
same time evolved. Sunlight acts in living plants like elec- 
tricity, which arrests the natural attraction of the elements ol 
water, and separates them from each other. 



;d by Google 



396 THE CONBICnON AND EQUrVALESCB OF FORCES. 

Without the light of the sun plants cannot grow. The 
liviag germ, the green leaf, owe to the sun their power of 
transforming earthy elementa info living, vigorous structures. 
The germ may, indeed, be evolved nnder ground without the 
action of %ht, but only when it breaks through the suriace 
of the soil does it first acquire the power, by the sun's rays, 
of converting inorganic elements into its own structure. The 
illuminating and heating rays of the sun, in thus bestowing 
life, lose their own. light and heat. Their power now becomes 
latent in the new products of the frame, which have been 
produced under their influence from carbonic acid, water, and 
ammonia. The light and heat with which our dvrellings are 
illuminated and warmed are but those bestowed by the sun. 

The food of men and animals consists of two classes of 
toaterials, which difier totally in their nature. One class is 
destined to the production of blood and the maintenance of 
the structure of the body ; the other is similar in composition 
to ordinary materials for combustion. Sugar, starch, the 
gum of bread, may be regarded as transformed woody fibre, 
for we can prepare them from this substance. Fat, in its 
amount of carbon, resembles closely mineral coal. We heat 
our bodies as we do stoves, by combustibles which possess the 
same elements as wood and coal, but which differ essentially 
from them by being soluble in the fluids of the body. 

The elements of nutrition from which the temperature of 
the body is derived, evidently produce no mechanical power ; 
because power is but converted heat, and the heat which 
maintains and elevates tho temperature of the body does not 
produce any other effect tfian that of warmth. 

AU those mechanical operations constantly taking place in 
the living body, in the movement of organs and limbs, are 
dependent on an accompanying change in the composition 
and properties of those highly complex sulphur and nitrogen 
constituentB of the muscles, which, though furnished by the 
blood, are in the first instance derived directly from the food 
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of man. The change of position in the elements of tliesa 
complex bodies, attendant on their rearrangement into new 
and simpler compounds, necessarily gives rise to motion ; and 
the molecular movement of the particles ia a state of change 
IS transferred to the nauscular mass. ChcmicaJ action is thus 
evidently the source of mechanical power in bodies. 

The elements of the food of men and animals which give 
rise to power and heat, are produced in living plants only by 
the action of sunlight. The rays of the sun become latent, 
so to speak, in them in the same way as the current of elec- 
tricity becomes latent in the hydrogen by decomposition of 

Man, by food, not only maintains the perfect structure of 
his body, but he daily lays in a store of power and heat, de- 
rived in the first instance from the sun. This power and 
heat, latent for a time, reappears and again becomes active 
when the living structures are resolved by the vital processes 
into their original elements. 

The rays of the sun add daily to the store of indestri:cti- 
ble forces of our terrestrial body, maintaining life and motion. 
Thus, from beyond the limits of our eartli, the body, the more 
earthly vessel, derives all that may bo called good in it, and 
of this not a sir^le particle is ever lost. 
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W:lliau BENjijiiN CAnrEsiEB, the eminent Ei^lisli physiologist, wai 
bom in the eai'ly part of this century, and gradnated as doel«r of medicina 
in Edinburgli in 1839. He commencied practice in Bristol, but has been 
chieay occupied as a lecturer and author. His most important works are 
Ihe "Principles of General and Comparatiye Physiology" (1839), the 
" Principle of Human Phyaology " (1846), which reached a, fifth edition in 
18DB, and "The Microscope, its Bevelalions and Uses" (1866). He is the 
author of Tarious minor, but valuable works, and of many elaborate papers 
in the cyclopedias and scientifio periodicals. For many years ha was editoi 
of the " British and Foreign Medico-Chirmpcal Review." He was elected 
a member of the Eojal Society in 18U, and is now Professor of Medical 
Jurisprudence in University College, London ; Lecturer on General Anal«m) 
and Phyaiology at the lotidon Hospital and School of Medicme, and Ei 
aminer in Phjsiolc^ and Comparative Anatomy in the Universitj of Lon- 
don. In ISfiO he pabliahed an able paper in the Transactions of the Eoyai 
Society on the "Mutual EelaOona of UieTital and Physical Forces," and 
has published upon the same general subject^ the essays which close this vol- 
ume, m the new Quarteriy Journal of Sdencc foe the present year. Dr. Cur- 
penter is an able and orig^al thinker, as well as a voluminous writer, and has 
made many valuable contributions to tho prt^resa of physlologirol science. 
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ON THE COEEELATION OF THE PHYS 
lOAL AND VITAL FORCES. 



IN every period of tiie history of Physiology, attempts 
have been made to identify all the forces acting ja the 
Living Body with those operating in the Inorganic universe. 
Because muscular force, when brought to bear on the bones, 
moves them according to the mechanical laws of lever action, 
and because the propulsive power of the heart drives the 
blood through the vessels according to the rules of hydraulics, 
it Laa been imagined that the movements of living bodies may 
be explained on physical principles j the most important con- 
sideration of all, namely, the source of that contractile power 
which the living muscle possesses, bat which the dead muscle 
(though having the same chemical composition) is utterly in- 
capable of exerting, being altogether left out of view. So, 
again, because tie digestive process, whereby food is reduced 
to a fit state for absorption, as well as the formation of va- 
rious products of the decomposition that is continually tating 
place in the living body, may be initiated in the laboratory 
of the chemist ; it has been supposed that the appropriation 
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of the nntrimout to the production of the living organized 
tissues of whieh the several parts of the body are composed, 
is to be regarded as a chemical action — as if any combination 
of albumen and gelatine, iat and starch, salt and bone-earth, 
could make a living Man ■without the constructive agency in 
herent in the geiTn from which his bodily fabric is evolved. 

Another class of reasoners have cut the fenot which they 
could not untie, by attributing all the actions of living bodies 
for ■which Physics and Chemistry cannot account, to a hypo- 
thetical " Vital principle ; " a shadowy agency that does every 
thing in its own way, but refuses to be made the subject of 
scientific examination ; like the " od-force " or the " spiritual 
power " to which the lovers of the marvellous are so fond of 
attributing the mysterious movements of turning and tilting 
tables. 

A more scientific spirit, however, prevails aonong the best 
Physiologists of the present day ; who, whilst fully recogniz- 
ing the fact th t m y f th ph nena of living bodies can 
be a«countelf by tl whose operation they trace 

in the world a 1 p t nt a distinct category — that 
of vital acti — s h a ppcar t difier altogether in kind 
from the ph n m f Phy and Chemistry, and seek to 

determiae, fr m th t dy fth nditions under which these 
present themselves, the laws of their occurrence. 

In the prosecution of this inquiry, the Physiologist will 
find it greatly to his advantage to adopt the method of philos- 
ophizing which distinguishes the Physical scicoco of the pres- 
ent from that of the past generation ; that, namely, which, 
whilst fuUy accepting the logical definition of the cause of any 
phenomenon, as " the antecedent, or the concurrence of ante- 
cedents on which it is invariably and unconditionally conse- 
quent" (MjU), draws a distinction between the dynamical 
and the maierial conditions ; the former supplying the power 
which does the work, whilst the latter afibrds the ineirumerttal 
means through which that power operates. 
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Thus if we inspect a. Cotton Factory in full action, we find 
it to contain a vast number fff machines, many of them but 
repetitions of one another, hut many, too, presenting the most 
miffked diversities in construction, in operation, and in result- 
ant products. We sec, for example, that one is supplied with 
the raw material, wMch it cleans and dresses ; that another 
receives tie cotton thus prepared, and " cards " it so as to lay 
its fibres in such an arrangement as may admit of its being 
spun ; that another series, taking up the product supplied by 
the carding machine, twists and draws it out into threads of 
various degrees of fineness ; and that this thread, carried into 
a fourth set of machines, is woven into a fabric which may 
be either plain or variously figured according to the construc- 
tion of the loom. In every one of these dissimilar operations 
the /orce which is immediately con lb'' b h 

results is one and the same ; and th ar ty t t i d -t 
dependent solely upon the divers ty f th m te 1 in t 
ments through which it operates "i t tl arr g m t 
however skilfully devised, arc utfe ly 1 1 th t tl 

force which brings them into play. Allth 11 t m hxn 
ism, the triumph of human ingenuity 1 g d f kill 

in constructing, is as powerless as [ h t h w 

viva wbicli alone can animate it Tl t k f th 

steam-engine, or the majestic re 1 t f th w t wh I 

gives the required impulse ; and tl t app t whi h 

was the moment previously in a st t f d th lik m t ty 
is aroused to all the energy of it w d -o life — e ry part 
of its complex organization takin p t If t p uh 
mode of activity, and evolving its wn p 1 1 1 t a 
tiie of the share it receives of th g If d t b 

uted through the entire aggregate 1 m hm y 

But if we carry back our invc t t at fuxth 1 

inijuire into the origin of the force supplied by the steam- 
engine or the water-wheel, we soon meet with a new and 
most significant fact. At our first stage, it is true, we find 
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only the same mechanical force acting througli a di&ercul 
kind of instrumentality; the'strokea of the piston of the 
steam-engine being dependent upon tlie elastic force of the 
vapour of water, whilst the revolutioD of the water-wheel is 
maintained by the downward impetus of water en masse. 
But to what antecedent dynamical agency can we trace these 
forces? That agency in each case is Heat; a force altogether 
dissimilar in its ordinary manifestationB to the force which 
produces sensible motion, yet capable of being in turn con- 
verted into it and generated by it. For it is from the Ileat 
appHed beneath the boiler of the steam-engine that the non- 
elastic liquid coniained in it derives all that potency as elaatic 
vapour, which enables it to overcome the vast mechanical re- 
sistance that is set in opposition to it. And, in like manner, 
it is the heat of the solar rays which pumps up terrestrial 
waters in the shape of vapour, and thus supplies to Man a 
pcrrenial source of new power in their descent by the force 
of gravity fo the level from which they have been raised.* 

The power of the steam-engine, indeed, is itself derived 
more remotely irom those same rays ; for the Heat apphed 
to its boilers is but the expression of the chemical change in- 
volved in combustion ; that combustion is sustained either by 
the wood wliich is the product of the vegetative activity of 
the present day, or by the coal which representa the vegeta- 
tive life of a remote geological epoch ; and that vegetative 
activity, whether present or past, represents an equivalent 
amount of Solar Light and Heat, used up in the decomposi- 
tion of the carbonic acid of the atmosphere, by the inatro- 
mentality of the growing plant.f Thus in either case we 
come, directly or indirectly, to Solar Eadiation as the main- 

* See on this Bubjcct the recent admirable address of Sir William Arm- 
Btrong at the Meetir^ of the British Aesodation at Newcflstle. 

I Tills was diacecnod by tho gemus of Geoi^ Slephenson, before tho 
general doctrine. of the Correlation of Forcea had been ^ren to the world 
bj Mayer and Grove. 
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spring of our mecliameal power ; the tits viva of our whole 
microcosm. Modem physical inquiry ventures even one step 
further, and seeks the source of Light and Heat of the Sun 
itself. Are these, aa formerly supposed, the result of com- 
bustion, or are they, as Burmised by Mayer and Thomson, 
the expression of the motive power continually generated in 
the fall of aerolites towards the Sun, and as continually anni- 
hilated by their impact on its surface ? Leaving the discus- 
sion of this question to Physical Philosophers, I proceed now 
to my own proper subject. 

It is now about twenty years since Dr. Mayer first broadly 
annoimced, in all its generality, the great principle now known 
aa that of " Conservation of Force ;" as a necessary deduc- 
tion from two axioms or essential truths — ex nihilo nil fit, and 
nil Jit ad nihilum — the validity of which no true philosopher 
would ever have theoretically questioned, but of which he 
was (in nay judgment) the first to appreciate the fuU practical 
bearing. Thanks to the labours of Faraday, Grove, Joule, 
Thomson, and Tyndali, to say nothing of those of Hehnholtz 
and other distinguished Continental savans, the great doctrine 
expressed by tlie term "Conservation of Force" is now 
amongst the hest>established generalizations of Physical Sci- 
ence ; and every tiiougbtfiil Physiolo^t must desire to see 
the same course of inquiry thoroughly pursued in regard to 
the phenomena of living bodies. This ground was first broken 
by Dr. Mayer m his remarkable treatise, " Die Organische 
Bewogung in ihrem Zusauimenhange mit dem Stofiwechsel " 
(" On Organic Movement in its relation to Material Changes," 
Heilbronn, 1845) ; in which he distinctly set forth the princi- 
ple that the source of all changes in the living Organisra, 
animal as well as vegetable, lies in the fcrcea acting upon it 
from Kiihotit; whilst the changes in its own composition 
brought about by these agencies, be considers to bo the imme- 
diate source of the forces which arc generated by it. 

In treating of these forces, howcvorj he dwells chiefly on 
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the prodaetion of Motion, Heut, Light, and Electricity by 
living bodies ; totiehiag more slightly upon the phenomena of 
Orowth and Development, vphich constitnte, ia the eye of the 
physiologist, the distinct province of vitality. Ia a memoir 
of my own, " On the Mutnal Eelations of the Vital aad Phys- 
ical Forces," published in the Philosophical Transactions for 
1850,* I aimed to show that the general doctrine of the " Cor- 
relation of the Physical Forces" propounded by Mr, Grove, 
was equally applicable to those Vital forces which must be 
assumed as the moving powers ia the production of purely 
physiological phenomena ; these forces being generated in 
living bodies by the transforcoation of the Light, Heat, and 
Chemical Action supplied by the world around, and being 
given back to it again, either during their life, or aiter its 
cessation, chiefly ia Motioa aad Heat, bat also to a less de- 
gree ia Light and Electricity. This memoir attracted but 
little attention at the time, being regarded, I believe, as loo 
speculative ; but I have since had abundant evidence that the 
minds of thoughtful Physiologists, as well as Physicists, are 
' moving in the same direction ; and as the progress of science 
siace the publication of my former mem.oir, would lead me 
to present some parts of my scheme of doctrine in a different 
form,f 1 venture to bring it again before the pablic ia the 
form of a sketch (I claim for it no other title), of the aspect 
in wHch the application of the principle of the " Conserva- 
tion of Force " to Physiology now presents itself to my mind. 

* At this (late the labours of Dr. Mayer were not known ether to my- 
BelT or (£0 for as I am awnce) to aaj one el3e in this country, Ears the ]atG 
Dr. Ealy, who a few months after the publication of my Memou', placed in 
mj himda the pamphlet, " Die Oi^aniache Bewegimg ; " to which I took the 
earUest opportunity in mj power of drawing public atlentioa in " The Brit- 
ish and Forc^ Medico-Chirurgioal Review " for July, 1861, p. 231. 

^ I hare especially profited by a Memoir on the Correlation of Physical, 
Chemical, and Vital Force, and the Conservation of Force in Vital Phenom- 
eau, by Prof. Le Conte (of South Carolina College), in SMman's American 
Jouraal for Nov., 1869, reprinted in the Philosophical Magazine for 1960. 
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If, in the first place, we iuquire what it is that csaenljally 
distonguishes Vital fl-om every kind of physical aetivi^, we 
find this distinction most characteristically expressed in the 
fact that a germ endowed with Life, developes itself into an 
organism of a type resembling that of its parent ; tliat this 
organism is the subject of incessant changes, which all tend 
in the first place to the evolution of its typical form, and sub- 
sequently to its maintenance in that form, notwithstanding the 
antagonism of Chciaieal and Physical agencies, which are 
continually tending to produce its disintegration ; but that, as 
its term of existence is prolonged, its eonseryative power de- 
clines so as to become less and less able to resist these disinte- 
grating forces, to wliich it finally saccumbs, leaving the organ- 
ism to be resolved by their agency into the components from 
which its materials were originally drawn. The history of a 
living organism, then, is one of incessant change; and the 
conditions of this change are to be found partly in the organ- 
ism itself, and partly in fJie external agencies to which it is 
subjected. That condition which is inherent in the organism, 
being derived hereditarily from its progenitors, may be con- 
veniently termed its jermmai capacity; its parallel in the in- 
organic world being that fundamental difference in properties 
which constitutes the distinction between one substance, 
whether elementary or compound, and another ; in virtue of 
wliich each " behaves" in its own characteristic manner when 
subjected to new conditions. 

Thus, although there may bo nothing in the aspect or scn- 
rible properties of the germ of a Polype, to distinguish from 
that of a Man, we find that each develops itself, if the requi- 
site conditions be supplied, into its typical form, and no other; 
if the developmental conditions required by either be not sup- 
plied we do not find a difierent type evolved, but no evolution 
at all takes place." 

" It 13 quite true that among ccrtdn of the lower tribes, both of PlaBts 
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Now the difference between a being of high and a being 
of low organizalion essentially consists in this : that in the 
latter the constituent parts of the fabric evolved by the pro- 
cess of growth from the original germ, are similar to each 
other in structure and endowments, whilst in the former they 
are progressively differentiated with the advance of develop* 
ment, so that the fabric comes at last to consist of a number 
of organs, or instruments, more or less dissimilar in struc- 
ture, composition, and endowments. Thus in the lowest 
forms of Vegetable life, the primordial germ multiplies itself 
by duplicative subdivision into an apparently unlimited num- 
ber of ceUa, each of them similar to every other, and capa- 
ble of maintaining its cadstenco independently of them. And 
in that lowest Ehizopod type of Animal life, the kuowk'dge 
of which is among the most remarkable fruils of modem bio- 
logical research, " the Physiologist has a case in which those 
vital operations which ho is elsewhere accustomed to see car- 
ried on by an elaborate apparatus, are performed without any 
special instruments whatever ; a little particle of apparently 
homogeneous jelly changing itself into a greater variety of 
forma than the fabled Proteus, laying hold of its food without 
members, swallowing it without a, mouth, digesting it without 
a stomach, appropriating its nutritious material without absorb- 
ent vessels or a circulating system, moving from, place to place 
without muscles, feeling (if it has inj ponei to do «o) with- 
out nerves, propagating itself without ^'emtal app'^ratus, and 

and .Animals, especially tie Pungi and EidiMia — similar germs may devel- 
op tliemaelves into very diaaimilar forms, acLordinf; to the tonditiona un- 
der Bbieh tbey are evolved ; bat such diversities are only the same kind sa 
those which mamfest themselves umoQg indmduah m the h'^1 Flan and 
Animala, and only show that in the types in question th 3 a es 
conformity to one pattern. Neither in these groups, nor n ha group of 
EoraiBimfiira, in which 1 have been led to regard , the ra g C an 
as peculiarly great, does any tendency ever show itself t h mp a 

of the cbameters of any group fundamentally dissimilar. 
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Dot only this, but ia raauy instances forming slielly coverings 
of a symmetry and complexity not Burpassed by those of any 
testaceous animals,"* whilst the mere separation of a frag- 
ment of this jeUy is sufficient lo originate a new and inde- 
pendent or^nism, so that any number of these beings may 
be produced by the successive detachment of such paj^iclea 
from a single Eiizopod, each of them retaining (so far as we 
have at present the means of knowing) the characteristic en- 
dowments of the stock from which it was an ofiset. 

"When, on the other hand, we watch the eyolution of any 
of the higher types of Organization, whether vegetable or 
animal, we observe that although in the first instance the pri- 
mordial cell multiplies itself by duplicative subdivision into 
an aggregation of ceUs^ which are apparently but repetitions 
of itself and of each other, this homogeneous extension has 
in each case a definite limit, speedily giving plaee to a struc- 
tural differentiation, which becomes more and more decided 
with the progress of development, until in that most hetero- 
geneous of all types — the Human Organism — no two parts are 
precisely identical, escept tliose whicli correspond to each 
other on the oppofife sides of the body. With this structural 
differenliatioii is associated a corresponding differentiation of 
function ; for whilst in the life of the most highly developed 
and complex organism we witness no act which is not fore- 
shadowed, however vaguely, in that of the lowest and sim- 
plest, yet we observe in it that same " division of labour " 
which constitutes the essential characteristic of the highest 
grade of civilization. Tor, in what may be termed the ele- 
mentary form of Human Society, in which every individual 
relies upon himself alone for the supply of all his wants, no 
greater result can be obtained by the aggregate action of the 
entire community than its mere maintenance ; but as each in- 

• See the Author's Introduetion to the Stiidy of the Foraminifera, pub- 
lished by the Ray Socictj, 1862 : Preface, p. viL 
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diyitlual selects a, wpecial mode of activity for himself, aad 
aims at improvement in that specialty, he finds himself attain- 
ing a higher aad still higher degree of aptitude for it ; and 
this spcciahzation tends to increase as opportunities arise for 
new m.ode3 of activity, until that complex fahric is evolved 
which constitutes the most developed form of the Social Stata 
wherein every individual finds the work — mental or bodily — 
fop which he is best fitted, and in which he may reach the 
highest attainable perfection ; while the m.utual dependence 
of the whole (which is the necessary result of this specializa- 
tion of parts) is such that every individual works for the 
benefit of all his fellows, as well as for his own. As it is 
only in such a state of society that the greatest triumphs of 
human abiUty become possible, so is it only in the most dif- 
ferentiated types of Organization that Vital Activity can pre- 
sent its highest manifestations. In the one case, as in the 
other, does the result depend upon a process of gradual devel- 
opment, in which, under the influence of agencies whose na- 
ture constitutes a proper object of scientific inquiry, that most 
general form in which the fabric — whether corporeal or social 
— ori^nates, evolves itself into that most special in which its 
development culminates. 

But notwithstanding the wonderful diversity of structure 
and of endowments which we meet with in the study of any 
complex Organism, we encounter a harmonious unity or coor- 
dination in its entire aggregate of actions, which is yet more 
wonderful. It is in this harmony or coordination, whose ten- 
dency is to the conservation of the organism, that the state of 
Health or Normal life essentially consists. And the more - 
profoimd our investigations of its conditions, the more definite 
becomes the conclusion to which we are led by the study of 
them — that it is fundamentally based on the comnion origin 
of all these diversified parts in the same germ, the vital en- 
dowments of which, equally diffused throughout the entire 
fabric in those lowest forms of organization in which every 
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part is but a repetition of every other, are differentiated in 
the highest amongst a variety of organs, acquiring in virtue 
of this differentiation a much greater intensity. 

Thus, then, we may take that mode of Vital Activity 
which manifests ifaelf in the evolution of the germ into the 
complete organism repeating tho type of its parent, and the 
subsequent maintenance of that organism in its integrity, in 
the one case as in the other, at the expense of materials de- 
rived from external sources — as the most universal and most 
fundamental characteristic of Life ; and we have now lo con- 
aider the nature and som-ce of the Fores or Power by which 
that evolution is 1 roii ht about The pr valenl opmion haa 
until lately been thit this power is inherent m the germ; 
which has been s ppose 1 fo derive from its parent not merely 
its material substance b it a ni is Jo mat vus 6 Idungstrieb, 
or germ force, in virtue ot whi h it builds itself up into the 
likeness of its parent and mamta ns itself in that likeness 
until the force is esha isted at tl e same tmii, mparting a 
fraction of it to eich of ts \ rogenj In this mode of view- 
ing the subject, -dl the orj,an zmg i rec requ re 1 to build up 
an Oak or a Pahu an Elephant or a Whale m ist be concen- 
trated in a minute i art cle only discern ble bj microscopic 
aid, and the aggregate of all the aerm forces appertaining to 
the descendants however numero n of a toromon parentage, 
must have existed m their oi gmil irogen tors Thus in the 
case of the snccea'iHe viviparous broods of Aj^] lea, a germ- 
foice capable of or'an z ng i ma«s of 1 ^ng structure, which 
would amount ( t bis been calculated)* in the tenth brood 
to the bulk of five hunlred niilhons of stout men must have 
been shut up in II e s n^le mdividual we ghing perhaps the 
1-lOOOth of a gr.im from which the fir=t brood was evolved. 
And in like manner the germ force wh eh 1 as organised the 

» Soe Frof. Hiul y on 1 i^aa P p odu t of \pliii;," in Linn. 
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bodies of all tbo isdii'idiial men that have lived from Adam 
to the present day, must have beea concentrated in the body 
of their common ancestor, A more complete reducHo ad ah- 
surdum can scarcely be brought against any hypothesis ; and 
we may consider it proved that in some way or other, fresh 
organizing force is constantly being supplied from without 
during the whole period of the exercise of its activity, 

WLen we look carefully into the question, howcTcr, we 
find that what the germ really supplies is not the force, hut 
the directive agerny , thug rather resemhlmg llie control exer- 
cised by the fcupermtendt-at builder, who is tiiarged with 
working out the design of the architect, than the bodily lores, 
of the workmen who Hbour undi.r his guidance m ihc con- 
struction of the fabric The acfual constructive force, as wo 
leavn from an extensive survey of the phenomena of life, is 
supplied by Heat, the loflutnce of which upon the r»te of 
growili and detelopmenf, both animal and vegitabh, is so 
marked as to have universally attracted the attention of Phys- 
iologists, who, however, have for the most part only recognized 
in it a vital stimulus that calls forth the latent power of Ihe 
germ, instead of looking upon it as itself furnishing the power 
that does the work. It has been from the narrow limilation 
of the area over which physiological research has been com- 
monly prosecuted, that the intimacy of this relationship be- 
tween Heat and the Organizing force has not sooner become 
apparent. Whilst the vital phenomena of Warm-blooded ani- 
mals, which possess within themselves the means of main- 
taining a constant temperature, were made the sole, or at any 
rate the chief objects of study, it was not likely that the in- 
quirer would recognize the full influence of external heat in 
ttceelerating, or of cold in retarding their functional activity. 
It is only when the survey is extended to Cold-blooded ani- 
mals and to Plants, that the immediate and direct relation be- 
tween Heat and Vital Activity, as manifested in the rate of 
growth and development, or of other changes peculiar to the 
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living Ijoily, is umnistakably manifested. To some (if tliose 
phenomena, ivliich afford the best iUustrationa of the mode 
in which Heat acta upon the living organism, attention will 
now be directed. 

Commencing with the Vegetable kingdom, we find that the 
operation of Heat as the motive power or dynamical agency, 
to which the phenomena of growth and development are to be 
referred, is peculiarly well seen in the process of Germioa- 
tlon. The seed consists of an embryo which has already ad- 
vanced to a certain stage of development, and of a store of 
nutriment laid up as the material for its further evolution ; 
and in the fact that this evolution is carried on at the expense 
of organic compound3 already prepared by extrinsic agency, 
until (the store of these being exhausted) the young plant ia 
sufficiently far advanced in its development to be able to elab- 
orate them for itself, the condition of the germinating embryo 
resembles that of an Animal. Now, the seed may remam 
(imder favourable circumstances) in a state of absolute inac- 
tion during an unlimited period. If secluded from the free 
access of air and moisture, and kept at a low temperature, it 
is removed from all influencLS that would oa the one hand 
occasion it? disintegration, or on the other, would call it into 
active life. But when again exposed to air and moisture, and 
subjected to a higher temperature, it cither germinates or de- 
cays, according as the embryo it contains has or has not pre- 
served its vital endowments — a question which only experi- 
ment can resolve. The process of germination is by no means 
a simple one. The nutriment stored up in the seed is in great 
part in the condition of insoluble starch ; and this must bo 
brought into a soluble form before it can be appropriated by 
the embryo. The metamorphosis is effected by the agency of 
a ferment termed diastase, which is laid up in the immediate 
Beighbourhood of the embryo, and which, when brought to 
act on starch, converts it in the first instance into soluble dex- 
trine, and then (if ifs action be contimicd) into angar. The 
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dextrine and sugar, combined ivith. the albuminous and oUy 
compounds also stored np in the seed, form the " protoplasm," 
which is the substance ijmnediately supplied to the young 
plant as the material of its tissues ; and the conversion of this 
protoplasm info various forms of organized tissue, whicli he. 
come more and more differentiated as development advances, 
is obviously referable to the vital activity of the germ. Now 
it can be very easily shown experimentally that the rate of 
growth in the germinating embryo is so closely related (within 
certain limits) to the amount of heat supplied, aa to place its 
dependence on that agency beyond reasonable question ; so 
that we seem fully entitled to say that Heat, acting through 
the germ, supplies the constructive force or power by which the 
Vegetable fabric is built up,* But there appears to be another 
Eom^» of that power in the seed itself. In the conversion of 
the insoluble starch of the seed into sugar, and probably also 
in a further metamorphosis of a part of that sugar, a large 
quantity of carbon, is eliminated from the seed by combining 
with the oxygen of the air, so as to form carbonic acid ; this 
combination is necessarily attended with a disengagement of 
heat, which becomes very sensible when (as in molting) a 
large number of germinating seeds are aggregated together ; 
and it cannot but be regarded as probable that the heat thus 
evolved within the seed concurs with that derived from with- 
out, in supplying to tte germ the force that promotes its evo- 
lution. 

• The effect of Heat is doubtleaa manifested very diflerentlj by differ- 
ent seeds; such vaiiationa being partly spedfic, partly iadwidml. But 
these are no greater than we see in the inoi^aaio world : the increment of 
temperatm^ and the augmeutation of bulk esMMted by different Bubstanecs 
when, subjected tothe aamo absolute measure of heat, bdog as diverse as 
the substances themselves. The whole process of " Malting," it may ha 
remarked, is based on the regularity with which the seeds of a particular 
spoeica may be at any time forced to a definite rate of germination by a 
definite increment of temperature. 
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The condition of the Plant which has attained a more ad- 
vanced stage of its development, differs from that of the ger- 
minating cmtryo essentially in this particular, that the organic 
compounda which it requires aa the materials of tKe cxtenaior 
.of the fahrie are formed by itself, instead of heing supplied to 
it from without. The tissues of the coloured eurfacea of the 
kaves and stems, when acted on by light, have the peculiar 
power of generating — at the expense of carbonic acid, waf«r, 
aad ammonia — various ternary and quaternary organic com- 
pounds, such aa chlorophyll, starch, oU, and albumen ; and of 
the compounds thus generated, some are appropriated by the 
constructive force of the plant (derived from the heat with 
whicH it is supplied) to the formation of new tissues ; whDat 
others are stored up in the cavities of those tissues, where 
they ultimately serve either for the evolution of parts subse- 
quently developed, or for the nutrition of animals ivhich em- 
ploy them as food. Of the source of those peculiar afiinitjes 
by which the components of the starch, albumen, &c., are 
brought together, we have no right to speak confidently ; but 
looking to the fact that these compounds are not produced in 
any case by the direct union of their elements, and that a do- 
composition of binary compounds seems to be a necessary 
antecedent of their formation, it is scarcely improbable that, 
as suggested by Prof. Le Conto (op. cit.), that source is to be 
found in the chemical forces set free in the preliminary act of 
decomposition, in which the elements would be liberated in 
that " nascent condition" which ia well known to be one of 
peculiar energy. 

The influence of Light, then, upon Vegetable organism ap- 
pears to be essentiaUy exerted in bringing about what may bo 
considered a higher mode of chemical combination between 
oxygen, hydrogen, and carbon, with the addition of nitrogen 
in certain cases ; and there is no evidence that it extends be- 
yond this. That the appropriation of the materials thus pre- 
pared, and their conversion into organized tissue in the opora- 
20 
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tions of growth and dcyelopmeiit, are dependent on the agenej 
of Heat, ia jast as evident in the stage of maturity aa in that 
of germination. And there is reason to believe, further, that 
an additional source of organizing force is to he found in the 
retrograde metamorphosis of organic compounds that goes on 
during the whole life of the plant ; of which metamorphosis 
the expression is furnished by the production of carbonic acid. 
This is peculiarly remarkable in the case of the Fungi, which, 
being incapable of forming new compounds under the influ- 
ence of light, ore entirely supported by the organic matters 
they absord, and which in this respect correspond oa the one 
hand with the germinating embryo, and on the otlier with 
Animals. Such a decomposition of a portion of the absorbed 
material is the only conceivable source of the largo quantity 
of carbonic acid they are constantly giving out ; and it would 
not seem unlikely that the force supplied by this retrograde 
metamorphosis of the superfluous components of their food, 
wliich fall down (so to speak) from the elevated plane of "prox- 
imate principles," to the lower level of comparatively simple 
binary compounds, supplies a force which raises another por- 
tion to the rank of living tissue, thus accounting in some de- 
gree' for the very rapid growth for which this tribe of Plants 
is so remarkable. This exhalation of carbonic acid, however, 
is not peculiar to Fungi and germinating embryos, for it takes 
place during the whole life of flowering plants, both by day 
and by night, in sunshine and in shade, and from their green 
as well as from their dark surfaces ; and it is not improbable 
that, as in the case of the Fungi, its source lies partly in the 
organic matters absorbed, recent investigations * having ren- 
dered it probable that Plants really take up and assimilate 
soluble humus, which, being a more highly carbonized sub- 
stance than starch, dextrine, or cellulose, can only be con- 

• See tlie Memoir of M. Kisler, " On the Absorption of Hvimus," ir 
UiG " Bibliothique UniTerscHo," N. S., 1S58, torn, i,, p. 305. 
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rerted into compounds of the latter kind by parting with some 
of its carbon. But it may also take place at the expense of 
compounds previously generated by the plant itself, and stored 
op ill its tissues ; of which we seem to have an example ia 
the unusual production of carbonic acid which takes place at 
the period of flowering, especially in such plants as hare a 
fleshy disk, or receptacle containing a large quantity of starch ; 
and thus, it may be surmised, an extra supply of force is pro- 
vided for the maturation of those generative products whose 
preparation seems to be the highest expression of the vital 
power of the vegetable organism. 

The entire aggregate of organic compounds contained in 
the vegetable tissues, then, may be considered as the expres- 
sion, not merely of a certain amount of the material elements, 
oxygen, hydrogen, carbon, and nitrogen, derived (directly or 
indirectly) from the water, carbonic acid, and ammonia of the 
atmosphere, but also of a certain amount of force which has 
been exert«d in raising these from the lower piano of simple 
binary compounds, to the higher level of complex, " proxi- 
mate principles ;" whilst the portion of these actually converted 
into organized tissue may be considered as the expression of 
a further measure of force, which, acting under the directive 
agency of the gerna, has served to build up the fabric in its 
characteristic type. This constructive action goes on during 
the whole Life of the Plant, which essentially manifests itself 
either in the extension of the original fabric (to -which in 
many instances there seems no determinate limit), or in the 
production of the germs of new and independent organisms. 
It is interesting to remark that the development of the more 
permanent parts involves the successioual decay and renewal 
of parts whose existence ia temporary. The " fall of the 
leaf" is the effect, not the cause, of the cessation of that pe- 
culiar functional activity of its tissues, which consists in the 
elaboration of the nutritive material reiiuired for the produc- 
tion of wodd. And it would seem as if the dura tiou of tlieir 
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existence stands ia an inverge ratio to the energy of their ac- 
tion ; the leaves of "evergreens," which are not east off until 
die appearance of a new succession, effecting their flinctional 
changes at a much less rapid rate than do those of " deci- 
duous " trees, whose term of life is £ax more, hrief. 

Tlnis, the final cause or purpose of the whole Vital Activ- 
ity of the Plant, so far as the individual Is concerned, is to 
produce an indefinite extension of the dense, woody, almost 
inert, but permanent portions of the fabric, by the successiona! 
development, decay, and renewal of the soft, active, and tran- 
sitory ccUalar parenchyma ; and according to the principles 
already stated, the descent of a portion of the materials of the 
latter to the condition of binary compounds, which is mani- 
feeted in the largely-increased exhalation of carbonic acid 
that takes place from the leaves in the later part of the sea- 
son, comes to the aid of qxteraal Heat in supplying the force 
by which another jwrtion of those materials ia raised to the 
condition of organized tissue. The vital activity of the 
Plant, however, is further manifested in the provision made 
for the propagation of its race, by the production of the 
germs of new individuals ; and here, again, we observe that 
whilst a higher temperature is usually required for the devel- 
opment of the flower, and the maturation of the seed, than 
that which suffices to sustain the ordinary processes of vege- 
tation, a special provision appears to be made in some in- 
stances for the evolution of force in the sexual apparatus it- 
self, by the retrograde metamorphosis of a portiim of the or- 
ganic compounds prepared by the previous nutritive opera- 
tions. This seems the nearest approach presented in the 
Vegetable organism, to what we shall find to be an ordinary 
mode of activity in the Animal. That the performance of 
the generative act involves an extraordinary expenditure of 
vital force appears from this remarkable fact, that blossoms 
which wither and die as soon as the ovules have been fertil- 
ized, may be kept fresh for a long period if fertilization he 
prevented. 
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The decay which is coatinually going on during the lifr 
of a Plant restores to the inorganic world, in the form of car 
bonic acid, water, and ammonia, a part of the materials drawn 
from it in the act of vegetation ; and a reservation being made 
of those vegetable prodneta which are consumed as food bj 
Animals, or which are preserved (like timber, flax, cotton, 
&e,) in a state of permanence, the various forms of decom.- 
position which take place after death complete that restora- 
tion. But in returning, however slowly, to the condition of 
water, carbonic acid, ammonia, &c., the consfjtuents of 
Plants give forth an amount of heat ec[uivalcat to that which 
they would generate by the process of ordinary combustion ; 
and thus they restore to the inorganic world, not only the ma- 
terials, but tlie forces, at the expense of which the vegetable 
fabric was constructed. It is for the most part only m the 
humblest Plants, and ia a particnlar phase of their hves, Ihat 
iSuch a restoration takes place in the form of motion, this mo- 
tion heinn- like growth and development an ' fth 



buildmg-up ol its fabric after its characteristic type, 
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Those of our readers who accompanied us through the 
first part of our UKiuiry are aware that it was our object to 
show, tliat as force is never lost in the inorganic world, so 
force is never created in the organic ; but that those various 
operations of vegetable life which are sometimes vaguely 
attributed to the agency of an occult "vital principle," and 
are referred by more exact thinkers to certain Vital Forces 
inherent in the organism of the plant, are really sustained by 
solar light and heat. These, wo have argued, supply to 
each germ the whole power by which it bailds itself up, at the 
expense of the materials it draws from the Inorganic , Uni- 
verse, into the complete organism ; while the mode in which 
that power is exerted {generally as vital force, specially as 
the determining cause of the form peculiar to each type) de- 
pends opon the "germinal capacity" or directive agency inher- 
ent in each particular germ. The^rsi stage in this construc- 
tive operation consists in the production of certain organic 
compoimds of a purely chemical nature — such as gum, starch, 
sugar, chlorophyll, oil, and albumen — at the expense of the 
oxygen, hydrogen, carbon, and nitrogen derived from tho 
wafer, carbonic acid, and ammonia of the atmosphere; 
whilst the second consists in the further elevation of a portion 
!if these organic compounds to the rank of organized tissue 
possessing attributes distinctively vital. Of the whole amount 
of organic compounds generated by the plant, it is hut a 
comparatively small part (a) that undergoes this progressive 
metamorphosis into living tissue. Another small proportion 
(6) undergoes a retrograde metamorphosis, by which the orig- 
inal binary components are reproduced ; and in this descent 
of organic compounds to the lower plane, the power con- 
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Bumed in tteir elevation is given forth, in the form of heal 
and organizing force (as is specially seen in germination), 
which help to raise the portion a to a higher level. But hy 
far the larger part (c) of tlie organic compounds generated 
by plants remains stored up in their fabric, without undergo- 
ing any further elevation ; and it is at the expense of these, 
rather than of the actual tissues of plants, that the life of 
animals is sustained. 

Wbeu, instead of yielding up any portion of its substance 
for the sustenance of animals, the entire vegetable organism 
undergoes retrograde metamorphosis, it not only gives back 
to the inorganic world the binary compounds irota which it 
derived its own constituents, but in the descent of the several 
components of its fabric to that simple condition — whether by 
ordinary combustion (as in the burning of coal) or by slow 
decay — it gives out the equivalents of the light and heat by 
which they were elevated in the first instance. 

In applyiag these views to the interpretation of the phe 
nomcna of animal life, we And ourselves, at the commence- 
ment of our inquiry, on a higher platform (so to speak) than 
that from which we had to ascend in watching the construc- 
tive processes of the plant. For, whilst the plant had flrsi 
to prepare tie pabwlum for its developmental operations, the 
animal has this already provided for it, not only at the ear- 
liest phase of its development, but during the whole period 
of its existence ; and all its manifestations of vital activity 
are dependent upon a constant and adequate supply of the 
same ^ahidum. The first of these manifestations is, as ia the 
plant, the bmlding-up of the organism by the appropriation 
of material supplied irom external sources imder the directive 
agency of the germ. The ovum of the animal, like the seed 
of the plant, contains a store of appropriate nutriment pre- 
viously elaborated by the parent ; and this store suffices for 
the development of the embryo, up to the period at which it 
can obtain and digest aliraentary materials for itself. That 
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period occurs, in the different tribes of animals, &t very di* 
similar stages of the entire developmental process. In manj 
of tlie lower clasaea, the embryo comes forth from the egg, 
and commences its independent existence, in a condition 
which, as compared with the adult form, would be as if a 
human embryo Were to be thrown upon Ihe world to obtaia 
its own subsistence only a few weeks after conception ; and its 
whole subsequent growth and development taies place at tlie 
expense of tiie mitriment which it ingcsta for itself. 

"We have examples of ibis in the class of insects, many of 
which come forth from the egg in Ihe state of extremely simple 
and minute worms, having scarcely any power of movement, 
but an extraordinary voracity. The eggs having been depos- 
ited in situations fitted to afford an ample supply of appropriate 
nutriment (those of the flesh-fly, for example, being laid in 
carcases, and those of the cabbage-butterfly upon a cabbage- 
leaf), each larva on its emersion is as well provided with ali- 
mentary material as if it bad been furnished with a large sup- 
plemental yolk of its o^vn ; and by availing itself of this, it 
speedily grows to many hundred or even many thousand 
limes its original size, without making any considerable ad- 
vance in development. But having thus laid up in its tissues a 
large additional store of material, it passes into a state which , 
so far as the external manifestations of life are concerned, 
is one of torpor, but which is really one of great develop- 
mental activity : for it is during the pujja state that those new 
parts are evolved, which are cbaracf eristic of the perfect in- 
sect, and of which scarcely a trace was discoverable in the 
Inrva ; so that the assmaption of this state may be likened in 
many respects to a rciintrance of the larva into the ovum. 
On its termination, the imago or perfect insect comes forth 
complete in all its parts, and soon manifests the locomotive 
and sensorial powers by which it is specially distinguished, 
and of which tlie pxtraordinary predominance seems to jus- 
tify onr i-egarding insects as the types of purely animal life. 
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There are some insects whose imago-life lias but a very short 
duratioa, the performance of the generative a«t being appar 
ently the only object of this state of their existence : and such 
for tho most part taie no food whatever after their final emer- 
sion, their vital activity being maintained, for the short period 
it endures, by the material assimilated during their larva 
state.* But those whose period of activity is prolonged, and 
upon whose energy tbere are extraordinary demands, are 
scaieely less voracious in their imago than in their larva- 
condition ; the food they consume not being applied to the 
increase of their bodies, which grow very little after the as- 
sumption of the imago-state, but chiefly to their maintenance; 
no inconsiderable portion of it, however, being appropriated 
in the female to the production of ova, the entire mass of 
which deposited by a single individual is sometimes enormous. 
That, the performance of the generative act involves not 
merely a consumption of material, but a special expenditure 
of force, appears from a fact to be presently stated, corre- 
sponding to that already noticed in regard to plants. 

Now if we look for the source of the various forms of 
vital force — which may be distinguished as constructive, 
sensori-motor, and generative — that are manifested in the dif- 
ferent stages of tho life of an insect, we find them, to lie, on 
tho one hand, in the heat with which the organism is sup- 
plied from external sources, and, on the other, in the food 
provided for it. The agency of heat, as the moving power 
of the onslrvdive operations, is even more distinctly shown 
in the development of the larva within the egg, and in iii£ 
development of the imago wilhin its pupa-case, than if is in 

* It ia not a little ouriuus that in ilic tribo of Jiolifsra, or Wheei-aai- 
tnalcales, all (he males jet discovered arc eutMy destitute of digestive 
apparatus, and are thus incapable of taking any food wlifttever ; so that not 
oaly the whole of their deyelupment ivitbin the egg, but the whole of their 
active life afto thdr emersion from it, ia carried on at tlie esponac of the 
jitorc of jolk proTided bj tlie parent. 
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the germinating seed ; the rate of eaeh of these procesaea 
being strictly regulated by the temperatnre to which the 
organism is subjected. Thus ova which are ordinarily not 
hatched until the leaves suitable for the food of their larvre 
have been put forth, may be made, by artificial heat, to pro- 
duce a brood in the winter ; whilst, on the other hand, if they 
be kept at a low temperature, their hatching may be retarded 
almost indefinitely without the destruction of their vitality. 
The Same ia true of the pupa-state ; and it it remarkable tliat 
during the latter part of that state, in which the developmental 
procMS goes on with extraordinary rapidity, there is in cer- 
tain insects a special provision for an elevation of the tem- 
perature of the embryo by a process resembling incubation. 
Whether, in addition to the heat imparted from without, there 
is any addition of force developed within (as in the serminaf- 
ing seed) by the return of a part of the organic constituents 
of the food to the condition of binary conipounds, cannot at 
present bo stated with confidence : the probability is, how- 
ever, that such a retrograde roetamorphosis does take place, 
adequate evidence of its occurrence during the incubation of 
tlie bird's egg being afibrded by the liberation of carbonic 
acid, which is there found to be an essential conditioa of the 
developmental process. During the larva-state there is very 
little power of maintaining aa independent temperature, so 
that the sustenance of vital activity is still mainly due to 
the heat suppUed from without. But in the active state of the 
perfect insect there is a jprodudion of heat quite comparable 
to that of warm-blooded animals ; and this is effected by the 
retrograde metamorphosis of certain organic constituents of 
the food, of which we find the expression in the exhalation of 
carbonic acid and water. Thus the food of animals becomes 
an internal source of heat, which may render them independ- 
ent of external temperature. 

Further, a like retrograde metamorphosis of certain eon- 
Btituenis of the food is the source of that semori-ntotor ■power 
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which is the peciiliar characteristic of the animal organism ; 
for on the one hand the demand for food, on the other the 
amount of metamorphosis indicated fcy the quantity of car- 
bonic acid exhaled, bear a very dose relation to the qtiantily 
of that power which is put forth. This relation is peculiarly 
manifest in insects, since their conditions of activity and re- 
pose present a greater contrast in their respective rates of 
metamorphosis, than do those of any other animals. Of the 
exercise of generative force we have no similar measure ; but 
that it is only a special modification of ordinary \ital activity 
appears from Ibis circumstance, that the life of those insects 
which ordinarily die very soon after sexual congress and the 
deposition of the ova, may be considerably prolonged if the 
sexes be kept apart so that congress cannot take place. 
Moreover, it has been shown by recent inquiries into the 
agamic reproduction of insects and other animals, that the 
process of generation differs far less from those reproductive 
acts which must be referred to the category of the ordinary 
natritive processes, than had been previously supposed. 

Thus, then, we find that in the animal organism tlie de- 
mand for food has reference not merely to its use as a mate- 
lial for the construction of the fabric ; food serves also as a 
generator ot force; and this force may be of various kinds — 
heat and motor-power being the principal but by no means 
the only modes under which it manifests itself. "We shall 
now inquire what there is pecufiar in the sources of the vital 
force which animates the organisms of the higher animals at 
difierent stages of life. 

That the developmental force which occasions the evolu- 
tion of the germ in the higher vertebrata is really eupplieJ 
by the heat to which the ovum is subjected, may be regarded 
as a fact established beyond all question. In frogs and 
other amphibia, which have no special means of imparting a 
high temperatiu'e to their eggs, the rate of development (which 
in the early stages can be readily determined with great exact- 
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ness) is entu-ely governed by the degree of warmth to whiiik 
the ovum is subjected. But in serpents there is a peculiar 
provision for supplying heat ; the female performing a kind 
of incubation upon her eggs, and generating in her own body 
a temperature much above that of the Borrounding air.* In 
birds, the developmental process can only be maintained by 
the steady application of external -warmth, and this to a de- 
gree much higher than that -which is needed in the case of 
cold-blooded animals ; and we may notice two results of this 
application as very sigoiflcant of the dynamical relation be- 
tween heat and developmental force — first, that the period 
required for the evolution of the germ into the mature embryo 
is nearly constant, each species having a definite period of 
incubation — aud second, that the grade of development at- 
tained by the embryo before its emersion is relatively much 
higher tlian it is in cold-blooded vertebrata generaUy ; the 
only instances in which any thing like the same stage is at- 
tained without a special incubation, being those ia which (as 
in the turtle and crocodile) the eggs are hatehed under the 
infiuence of a high external temperature. This higher devel- 
opment is attained at the expense of a much greater consump- 
tion of nutrient material; the store laid up in the "food yolk" 
and " albunien" of the bird's e^, being v)a,nj times greater 
m proportion to the size of the animal which laid it, than that 
contained in the whole egg of a frog or a Hsli. There is 
evidence in that liberation of carbonic acid which has been 
ascertained to go on in the egg (as in the germinating seed) 
during the whole of the developmental process, that the return 
of a portion of the organic substances provided for tho suste- 

* In tho Viper the eggs are usually retajned witMn tlie oyiduct unli. 
they tu^ hatched. In the Pjtbon, which recently went throagh the process 
of incubation in the Zoolt^cal Oflrdena, liie eggs were iml>eddod in the 
coils of tho body ; tlie temperature t« which they were sHbject«d (as ascer 
taincd by a thermometer placed in tJio midat of them) averaging 90° F., 
wliilst that of the cage averaged 60° P. 
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nance of the embryo, to the condition of simple binarj com- 
pounds, is an essential condition of the process ; and since it 
can scarcely be supposed that the object of this metamor- 
phosis can be to furnish lieoi (an ample supply of that force 
being afforded by the body of the parent), it seems not un- 
likely that itfi purpo=!0 is to supply a force that concurs with 
the heat received from vithout in maintaiamg the pioci,s8 of 
organizat on 

The devel j ment of the embryo withia the body, m the 
mamma! a imjaits to t a steady temperature equivalent to 
that of the i a nt t« If ; and in all save the im2>lacent(d or- 
ders of this (.lis that development ia carried still further 
than in b r da the new bom mammal being yet more com- 
plete in all ts piTts and ita size bearing a larger proportion 
to that oi lis parent, than even in birds. It is doubtless ow- 
ing in great part to the constancy of the temperature to which 
the embryo is subjected, that its rate of development (as 
shown by the fixed term of Rtero-geslation) is so uniform. 
The supply of organizable material hero afforded by the ovum 
itself is very small, and sufftcea only for the very earliest 
stage of the constructive process ; but a special provision ia 
very soon made for the nutrition of the embryo by materials 
directly supplied by the parent ; and the imbibition of these 
takes the place, during the whole remainder of fcetal life, of 
the appropriation of the materials supplied in the bird's egg 
by the " food yolk" and " albumen." To what extent a retro- 
grade metamorphosis of nutrient material takes place in tho 
fectal raaromal, wo have no precise means of determining; 
since the products of that metamorphosia are probably for the 
most part imparted (through the placental circulation) to tho 
blood of the mother, and got rid of through her excretory 
apparatus. But sufficient evidence of such a me'tamorphosia 
ia afforded by the presence of urea in the amniotic fluid and 
of biliary matter in the intestines, to make it probable that it 
takes place not less actively (to say tlic least) in the ftctal 
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mammal tlian it doea in the chick in. ovo. Indeed, it is im- 
posaihle to study the growth of any of tho higher organisms — ■ 
which not merely consists in the formation of new parts, but 
also inTolvcs a vast amount of interstitial change — without 
perceiving that in the remodelling which is incessantly going 
on, the parts first formed must be removed fo make way for 
tliose which have to take their place. And such removal can 
ECarcely be accomplished without a retrograde metamorphosis, 
■which, as in the numerous cases already referred to, may be 
considered with great probability as setting free constructive 
foiee to be applied in the production of new tissue. 

If, now, we pass on from the intra-uterine life of tho 
mammalian organism to that period of its existence which 
intervenes between birth and maturity, we seo that a tempo- 
rary provision is made in tho acts of lactation and nursing 
for affording both food and warmth to the young creature, 
which is at first incapable of adequately providing itself with 
aliment, or of resisting external cold without fostering aid. 
And we notice that the offspring of man remains longer de- 
pendent upon parental care than that of any other mammal, 
iu accordance with the higher grade of development to be 
ultimately attained. But when the period of infancy has 
passed, the child, adequately supplied with food, and pro- 
tected by the clothing which makes up for the deficiency of 
other tegumcntary covering, ought to be able to maintain its 
own heat, save in an extremely depressed temperature ; and 
this it does by the metamorphosis of organic substances, partly 
derived from its own fabric, and partly supplied directly by 
the food, into binary compounds. During the whole period 
of growth and development, we find the producing power at 
its highest point ; the circulation of blood being more rapid, 
and the amount of carbonic acid generated and tlirown off 
being much greator in proportion to the bulk of the body, 
than at any subsequent period of hfe. We find, too, in the 
large amount of ether excretions, the evidence of a rapid 
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metamorphosis of tissue ; and it can bardly be questioned (if 
our general doctrines be Tvell founded) that the constructive 
force that operates ia the completion of the fabric will lie de- 
rived iu part from the heat so largely generated by chemical 
change, aad in part from the descent wliich a portion of the 
fatric itself is continually making from the higher plane of 
organized tissue to the lower plane of dead matter. This 
high measure of vital activity can only be sustained by an 
ample supply of food ; which thus supplies both material for 
the construction of the organism, and the force by whose 
agency that constructioa is accomplished. 

How completely dependent the constructive process still is 
upon heat, is shown by the phenomena of reparation in cold- 
blooded animals ; since not only can the rate at which they 
take place be experimentally shown to bear a direct relation 
to the temperature to which these animals are subjected, but 
it has been ascertained that any extraordinary act of repara- 
tion (Buch as the reproduction of a limb in the salamander) 
will only be performed under the influence of a temperature 
much higher than that required for the maintenance of the 
ordinary vital activity, . Ailer the maturity of the organism 
has been attained, there is no longer any call for a larger 
measure of constructive force than is required for Uie mainten- 
ance of its integrity ; hut there seems evidence that even then 
the required force has to be supplied by a retrograde meta- 
morphosis of a portion of the constituents of the food, over and 
above that which serves to generate animal heat. For it has 
been experimentally found that, in the ordinary life of an adult 
mammal, the qtiautity of food necessary to keep the body in 
its normal condition is nearly twice that which would be re- 
[[uired to supply the " waste " of the organism, as measured 
by the total amount of excreta when food is withheld ; and 
hence it seems almost certain that the descent of a portion of 
the organic constituents of this food to the lower level of sim- 
ple binary compounds is a necessary condition of the ele- 
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vatioQ of another portion to the state of living organized 
tissue. 

The conditions of animal existence, moreover, involve a 
constant expenditure of motor force through the instrumental- 
ity of the nervo-muscular apparatus ; and the exercise of the 
purely psycldcai powers, through the instrumentality of the 
brain, constitutes a farther expenditure of force, even when 
no bodily exertion is made as its result. We have now to 
consider the conditions imder which these forces are devel- 
oped, and the sources from which they are derived. 

The doctrine at present commonly received among physi- 
ologists upon these points may be stated as follows :-^The 
functional activity of the nervous and muscular apparatuses 
involves, as its necessary condition, the disintegration of their 
tissues ; the components of which, uniting with the oxygen 
of the blood, enter into new and simpler combinations, which 
are ultimately eliminated from the body by the excretory oper- 
ations. In such a retrograde metamorphosis of tissue, wo 
have two sources of the liberation of force : — first, its descent 
from the condition of living, to that of dead matter, involving 
a liberation of that force which was originally concerned in 
its orgamzafion ,* — and second, the further descent of its 
compkx orgame components to the lo'wer piano of simple 
binary compound'. It we trice back theic loree" to Uieir 
proiimite soutlc, -we find both ot them m the food at the 

* It naa by Ljcbig ( inimal Chemisin,' 1812) that tie doctrine waa 
first diatuu,llj pronmlgattd wbicb had teoQ alrtady more vaguely affirmed 
by various PhvaioIogist'J that every production of motion by an Animal 
involvea a proportional di=mtegration of muscular TObstanco But lie seems 
hi have regarded the motor loroe produced aa the eipresaion only of the 
vital force by which the tissue waa previously animated ; and to have looked 
jpoii its iMsiDtescatJoii by oxygenation as ^mply a consequence of its dcaUi. 
The doctrine of ihc " Correlation of Porcea " bdng at that time undevel- 
oped, he was not prepared to roeognize a source of motor power in the ulte- 
rior chemical changes which the substance of the muscle undergoes ; but 
Bcems to hive regarded them as only conocnied in the production of licat. 
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expenau of whicli the animal organism is constructed; for 
besides supplying the materia! of the tissues, a portion of 
that food (as already shown) becomes the source, iu its retro- 
grade melamorphrisis, of the production of the hctit which 
supplies the constructive power, whilst another portion may 
afford, by a lite descent, a yet more direct supply of oigan- 
izmg force. And thus we find in the action of solar light 
and heat upon plants — whereby they are enabled not merely 
to extend thcmselyea almost without limit, but also to accu- 
mulate in their subetance a sforu of organic compounds for 
the consumption of animals — the ultimate source not only of 
the materials required by animals for their nutrition, but also 
of the forces of various kinds which these exert 

Recent investigations have rendered it doubtful, however, 
whether the doctrine that every exertion of the funfticnil 
power of the nervo-muacular apparatus involves the diamte 
gratioti of a certain equivalent amount of tissue, really ox- 
presses tiic whole trnth. It has been mamtamed on the basis 
of carefully-conducted experiments, in the first place, that the 
amount of work done by an animal ma> be greater than can 
be accounted for by the ultimate metamorphi sis of the azo- 
tized constituents of its food, their meeliamca! eqmvalent 
being estimated by the heat produciblt, by the combuition of 
the carbon and oxygen wMch they contajn * and se ondly, 
that whilst there is not a constant iclation (ai ifiirmed by 
Liebig) between the amount of motor force producel and the 
amount of disintegration of mus-'ulii tissue represented by 
the appearance of urea in the m-Int, such a constant relation 
does exist between the development ot motor force and the 
increase of carbonic acid in the expired -ur, as shows thtt 
between these two phenomena there is a most mtimate rela- 

• Tbia view has 'bcei! cipresaed to the author bj tn-o ven liij,h aut>or 
itlea, Prof. HeJmlioltK and Prof. William Thomson mdcpLnJentlv of eath 
dther, as an almost necessarj inferwice from the data fiirmslictl bj ttia 
ezpcriffients of Dr. Joule. 
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tionship,* And the concurrence of Ihesc indepeEdcnt indica- 
tiona seems to justify the inference that motor force may he 
developed, lite heat, by the metamorphosis of constituents 
of food which are not converted into living liesue ; — an infer- 
ence which so fully Iiarmonizes with the doctrine of the direct 
convertihility of these two forces, now established as one of 
the surest results of physical investigation, as to have in itself 
no inherent improbability. Of the conditions which deter- 
mine the generation of motor force, on the one hand, from the 
disintegration of nmscnlar tissue, on the other from the meta- 
morphosis of the components of tlie food, nothing definite can 
at present be stated ; but we seem to have a typical example 
of the former in the parturient action of the uterus, whose 
muscular substance, built up for this one effort, forthwith 
undergoes a rapid retrograde metamorphosis ; whilst it can 
scarcely be regarded as improbable that the constant activity 
of the heart and of the respiratory muscles, which gives 
them no opportunity of renovation by rest, is sustained not so 
much by the continual renewal of their substance (of which 
renewal there is no histological evidence whatever) as by a 
metamorphosis of matters external to themselves, supplying 
a force wliich is manifested through their instrumentality. 

To sum up : The bfe of man, or of any of the higher 
animals, essentially consists in the manifestation of forces 
of various kinds, of which the organism is the instrument ; 
and these forces are developed by the retrograde metamor- 
phosis of the organic compounds generated by the insfm- 
mentalify of the plant, whereby they ultimately return to the 
simple binary forms (water, carbonic acid, and ammonia), 
which serve as the essential food of vegetables. Of these 
organic compounds, one portion (a) is converted into the 
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substance of lite living body, by a constructive force wbicb 
(in so far as it is not supplied by the direct agency of external 
heat) is developed by the retrograde metamorphosis of another 
portion (6) of the food. And ivhilat the tdtimate descent of 
the first-named portion (a) to the simple condition from ■which 
it was originally drawn, becomes one source of the peculiarly 
animal powers — the psychical and the inotor — exerted by the 
organism, another source of these may be found in a like . 
metamorphosis of a further portion (c) of the food ■which has 
never been converted into living tissue. 

Thus, during the whole life of tlie animal, the organism 
is restoring to the world around both the materials and the 
forces which it draws from it ; and after its death this resto- 
ration is completed, as in plants, by the final decomposition 
of its substance. But' there is this marked contrast between 
the t'wo kingdoms of organic nature in their material and 
dynamical relations to the inorganic world — that whilst the 
vegetable is constantly engaged (so to speak) in raising its 
component materials from a lower plane to the higher, by 
means of the power which it draws from the solar rays, the 
animal, whilst raising one portion of those to a still higher 
level by the descent of another portion to a lower, ultimately 
lets down the whole of what the plant had raised ; in so 
doing, however, giving back to the nniverse, in the form of 
heat and motion, the equivalent of the Iig;ht and heat which 
!he plant had taken from it. 
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